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This thesis describes experiments on the responses of Atlantic larval cod to two
important ecological variables. prey concentration and light in terms ofbehaviour, growth
and survival. The first ecological variable investigated was light intensity and its effect on
the foraging behaviour, growth and survival of Atlantic cod larvae from two geographical
regions in the Northwest Atlantic. Larval cod originating from different geographical
locations responded differently to light intensity. Larvae originating from the Scotian Shelf
(S5 origin) foraged, grew and survived better in low light intensity while lllrvae from the
Northeastern Grand Banks (NF origin) perfonned better in high light. This difference in
response to light intensity may be explained by the different spawning seasons rather a
than latitudinal difference.
The next ecological variable investigated was prey concentration. Earlier studies
on larval fish indicated that growth and survival of the larvae vary with prey concentration.
However, the shortcoming of most of these studies involving cod larvae was that they
were short term experiments. Thus, I investigated the ontogeny offoraging behaviour of
Atlantic cod larvae exposed lO different prey concentrations from hatching to
metamorphosis. Larvae exposed to higher prey concentration outperformed the larvae
reared in lower prey concentrations in all the foraging Modal Action Patterns (l\1AP's)
investigated in this study. But the magnitude of the foraging MAP's increased as the
larvae grew regardless of prey concentration. Results also indicated development of
foraging behaviour was not affected by prey concentration.
Next, I investigated the growth and survival of Atlantic cod larvae reared in a wide
range of prey concentrations. My previous experiment showed that the highest prey
concentration used (4000 prey L-t) may not be the optimal prey concentration to rear the
cod larvae in the laboratory. In this second experiment, prey concentrations of 8000 and
16000 prey L"t were included. Results indicated no difference in growth when prey
concentration above 4000 prey L- l were used. Initially no difference was found in the
swvival oflarval cod among the three highest prey concentrations (4000, 8000 and 16000
prey L·t ) but continuous use of prey concentrations above 4000 prey L·t beyond 3 weeks
post-hatch reduced the survival considerably. lnitially, mortality rates ofcod larvae were
higher in prey concentrations lower than 4000 prey L-t . Beyond 3 week post-hatch no
significant difference was found in mortality rates among any of the treatments.
Observations on foraging behaviour oflarval cod indicated that larvae reared in higher
prey concentrations foraged more efficiently than larvae reared in the lower prey
concentrations. Observations from this study emphasize the importance of behavioural
observations to explain any difference in growth variables between the treatments. Results
indicated that for intensive rearing larval cod require a prey concentration of 4000 prey L-1
to sustain reasonable growth and survival.
I also investigated foraging, growth and survival of Atlantic cod larvae (NF origin)
reared at varying light intensities and photoperiods. Behavioural observations were also
carried out in an attempt to explain any differences in the perfonnance of cod larvae under
varying light intensities. Cod larvae grew and survived better in higher light intensity
iii
(2400 lux) and 24L:OD photoperiod. The condition index (ratio of myotome height at
anus to standard length) of the larvae was abo better in high light intensity and 24 hr
photoperiod. Examination of the fomging MAP's indicated that cod larvae reared in
higher light intensity captured the prey more efficiently than larvae reared in low light.
Predator responses (functional. developmental and numerical) oflarval cod to
different prey concentrations were investigated in an attempt to further study some
observations made in my earlier experiments. In this experiment prey consumption rates
were investigated in tenns of both age and size. Results indicated that the cod larvae
exhibited a type II functional response where prey consumption increases with increasing
prey concentration asymptotically at a decelerating mte. Developmental response of the
cod larvae was closely correlated to the size. Prey consumption rates increased as the
larvae grew. During the first two weeks post-hatch, larvae exposed to [ow prey
concentrations «1000 prey V) did not feed enough to sustain sufficient growth and
subsequently could not survive beyond three weeks
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Chapter One: GenerallntroductioD
Interest in larval fishes and metors influencing recruinnent variation has increased
rapidly in recent decades. The growth and survival offish larvae has long been an area of
great interest to scientists because of the inconsistent relationship between the size ofthe
spawning populations offish and subsequent year classes (Houde 1987). The precise
determination of stock-recruitment relations early in the tife history of fishes may lie in a
better understanding of survival and growth in the larval stages. Studies on larval growth,
survival and mortality appear to be an important aspect in determining the factors
controllin8 the fate offish populations.
During the early tife offish, monality agents such as predation, disease, starvation
and adverse physical factors (temperature, salinity) act on each stage. Larval mortality is a
critical component in models and hypotheses that debate the ecology and evolution of
differing reproductive characteristics exhibited by both marine invertebrates and
vertebrates. In most oftbese models, predation and starvation are assumed to be a major
source oflarval mortality (Houde 1987). Studies on marine fish larvae suggest that both
predation and starvation play important roles in the development, growth and survival of
larvae from hatch to metamorphosis. Predation is common to all stages from egg to
juvenile but starvation is a major faetorduring the exogenous feeding stage of the larval
period (Houde 1987). Starved larvae are generally vulnerable to predation due to lower
growth rates which extend their critical larval period and they are thus prone to size
selective predation (Heath 1992).
Most of the experimental studies carried out in recent decades on the growth and
survival oflarval fish primarily centre on the relationship between larvae and ecological
structure (Blaxter 1980, Frank and Leggett 1986, Blaxter 1988, Blom et al. 1991, Castro
and Cowen 1991, Brander and Hurley 1992, Gocceitas et al. 1996). The majority of
laboratory studies on larval foraging and survival have not considered the role of predation
or other factors. In nature, the combined effects offoraging conditions, predation pressure
and abiotic factors affect the development and behaviour of the fish larvae and can result
in an increase or decrease in survival rates. Species of commercial importance have been
widely used in these studies in the laboratory and research has focused on behavioural
adaptations with ecological interests in mind.
Field evidence suggests that larval fish are less susceptible to starvation (Hunter
1981, Theilacker 1986, Heath 1992). Most field studies report low prey concentrations
relative to those used in laboratory studies (pederson et al. 1989, Cowan and Houde
1990). Two possible reasons have been put forward Co explain the discrepancies of the
'over estimation' ofprey concentration in experimental rearing systems compared to the
reported prey concentrations in nature. Firstly, Frank and Leggett (1986) and Frank
(1988) suggest that this discrepancy may partly be due to inadequate sampling procedures.
On a large scale, prey concentration in the ocean may be low but prey usually occur in
patches and these patch concentrations are reported to be substantial enough to sustain
reasonable growth and survival (Lasker 1978). Prey concentrations in the patches may
exceed or at least be on par with the prey concentrations reported from laboratory studies.
The sampling procedures used in the field are inadequate to measure prey in the patches.
Also, it has been pointed out that most ofthe early 1arva1 stages offish prey upon small
items less than 200 Jlm (Houde 1973) and field sampling equipment rarely retains this size
range of zooplankton (Laurence 1977). Funhermore, at larger spatial scales, the sampling
procedures disturb the heterogeneity of prey. These errors in estimating the prey
abundance may under~estimate the effect of starvation on recruitment and other prey-
predatorinteraetioos.
Secondly, in nature, larval densities are much lower than the densities of prey
(Cushing 1983, Fossum and EUertsen 1994, McLaren and Avendano 1995) thus leading to
a much higher prey.predator ratio than that used in most rearing experiments (Goshorn
and Epifanio 1991, Gotceites et a1. 1996). Some mesocosm studies have shown that cod
larvae can be successfully reared at prey concentrations similar to those reported from
nature (Kvenseth and 0iestad 1984, Blorn et al. 1991, Otma 1993, van der Meeren and
N~ss 1993). Gotceitas et at. (1996) suggested that the prey:predator ratio may playa role
in the growth and survival ofIarvai fish. In their study on larval Atlantic cod, they reported
that the ratio of prey and predators in the field and laboratory are similar and in some
cases the ratio in the laboratory was lower than that reported from the field. Oterra (1993)
in his experiment on larval cod in large plastic enclosures found high survival during the
first month ofexogenous feeding but lower growth rates and increased mortality were
observed following week four. The author related this to the presence of insufficient food
at the relalively high larval stocking densities. Houde (1975) showed that prey to Iarva1
natio plays an important role in the growth and survival ofsea bream (Archosargus
rhomboidalis) larvae. Sea bream larvae reared at low prey concentration produced
significant survival only at low larval densities while high prey concentrations produced
better growth and survival at low and high larval densities. Results from these studies
indicate lbat the combination of prey concentration and larval density (prey:predalor
ratio), could significantly influence the growth and SlJrvival of finfish larvae.
At hatch most larval fish are poorly developed. Thus, larvae are more vulnerable 10
mortality due to both predation and starvation than later stages (Blaxter 1988). Monality
throughout Ihe larval stage is size specific and declines with growth and development
(Folkvord and Hunter 1986.) As larvae develop there is a simultaneous emergence of
associated behaviours. For instance. the development offins and locomotor muscles and
the refinement of sensory systems will influence swimming and foraging activity (Blaxter
1986; Noakes and Godin 1988). It seems reasonable that a larva's ability to locate and
capture food sbouId improve with growth, development and experience. Several studies
have shown larva1 foraging behaviour to change with size. Browman and O'Brien (19924)
documented the ontogeny ofsearch behaviour in white crappie larvae (Pomoxis
anmllaris). In their study, fish size was found to have a significant overall effect on
foraging behaviour. Similar results were reponed for the golden shiner (Notemig01n1s
cryleucas) (Browman and O'Brien 1992b). nonhem anchovy (EngrauJis mordax) (Hunter
1972) and hening (Clupea harengus) (Blaxter and Staines 1971).
Growth and survival of larval fish during early development stages is largely
influenced by feeding conditions (Frank and Leggett 1986, Van der Meeren and NalsS
1993). The availability of suitable prey is critical at the early larval stage. Most marine fish
larvae, at hatching, have limited yolk reserves and are poorly developed and need to begin
feeding before all the yolk reserves become exhausted. Prey concentration, type and size
are some of the important factors that influence the foraging and development offoraging
behaviour of the fish larvae. Inadequate or inappropriate prey organisms in the vicinity of
the fish larvae usually result in lower growth rate and condition, and consequently, high
mortality. More importantly, first feeding larvae are more vulnerable to inadequate prey
than later larval stages because of the transition of feeding mode, that is, from endogenous
to exogenous feeding. If they do not find food before the yolk reserve becomes
exhausted, they die from starvation
Variability in both prey abundance and prey size can produce unpredictable
foraging environments. When prey concentrations are low or prey are of inappropriate
size, larvae may be forced to feed on energetically unfavourable prey items in order to
achieve maintenance diets. As a result, larvae may be forced to search greater volumes of
water and increase foraging time to obtain lower energetic gains (Lasker 1978). Growth
often slows or becomes negligible under conditions like this and larvae can experience
degeneration of muscles and other tissue types, thereby resulting in impaired behavioural
responses. Once successful at first-feeding, a larva's susceptibility to starvation may
decrease with increasing size (Jordan unpub. data), as the larva establish energy reserves
and develop an extended behavioural repertoire.
Not surprisingly, light also plays an important role in the growth and survival of
larval fish (Blaxter 1975; Batty 1987). It is well known that most marine fish larvae are
visual predators and require a threshold light intensity to initiate foraging. Reports indicate
that the threshold light intensity for some marine fish larvae averages about 0.1 lux
(BlaxterI986). However, in order to achieve a better feeding incidence the light intensity
should be much higher than the threshold level and optimal intensity varies depending on
the species (BlaxterI986).
At hatching in most marine larval fish. the eyes are unpigmented and become
pigmented by first feeding. At first feeding, in many species, the larva has only a pure cone
retina (Blaxter and Staines 1970). The rod cells appear in the retina of the eye sometime
before metamorphosis and the pure cone retina becomes a duplex retina. Once the duplex
retina has been established, the process of light-dark adaptation occurs. Although the pure
cone retina is adequate for first feeding, given that there is appropriate light, the presence
of rods in the retina is important for movement perception and visual acuity (Neave 1984)
After metamorphosis, the juveniles move down in the water column where the light
intensity is low (Shand 1994). Thus changes in the visual system could be associated with
changes in both habitat and behaviour. Although most marine larval fish have a pure cone
retina at first feeding, in contrast, some deep-sea larvae (e.g. an anguillid and a macrourid
larvae) have a pure rod retina at hatching which possibly helps them to forage in very low
light (Munz 1958). It would appear that the variation and change in eye pigments and
structure is related to the diversity of the environments that the larvae encounter and
reflect different visual tasks that the animal has to face. It seems that the light conditions
that the larvae experience may influence the timing ofthe development of the rod cells in
the retina.
Light can also influence the behaviour of animals, through its variation in intensity,
wavelength, polarization and diumal and seasonal variation (Munz 1975; McFarland
1986). In marine invenebrates, swimming activities depend on the diurnal changes in light
intensity. Most marine invertebrates show a diurnal periodicity in swimming with the peak
activity occurring during night (Segal 1970). Light may also act as an orienting stimulus
for marine invertebrates. The responses ofthe animal may be simple, consisting of random
movements in which the speed of movement or the frequency ofturning depends upon the
light intensity (photokinesis), or directed movements in which the animal moves directly
towards or directly away from the light source (phototaxis). The availability of light during
the early life stages of fishes also affects the nonnal development of the eye. In the cichlid
Haplochrom;s burton; (Zeutzius and Rahmann 1984) and rainbow trout (Salmo ga;rdnen)
(Rahmann et al. 1979), light deprivation in the early larva! stage affects the nonna!
development of the eye and reduces visual acuity. In contrast, halibut yolk-sac larvae
develop abnonnaly in the presence of light (Bolla and Holmefjord 1988; Slciftesvik et al.
1990). All these studies imply that unnatural light conditions may affect the nonna!
development of the eye and consequently affect the growth and survival oflarvae. In
addition, development of the visual system also influences the foraging behaviour oflarval
fish. Increased visual acuity produces a larger visual field in which larvae can detect more
prey as weU as predators. This allows larvae to feed faster and more efficiently (Noakes
and Godin 1988) which in tum affects growth and survival.
Geographic variation in life history among populations ofthe same species has
been well documented in reptiles (Ferguson and Talent 1993), fishes (Blaxter and Hempel
1963~ Houde 1989; Fleming and Gross 1990; Castro and Cowen 1991; Present and
Conover 1992; Mathias et al. 1993), and some invertebrates (Lonsdale and Levinton
1985; Young 1991). Studies which have examined geographic variation in life history
among fish populations, have dealt mostly with salmonids and adult fish (Fleming and
Gross 1990; Present and Conover 1992; Mathias et al. 1993). However, very little work
has been done on geographic variation in the early life history of fishes (Blaxter and
Hempel 1963; Houde 1989; Castro and Cowen 1991). It has been hypothesized and
demonstrated that animal populations which are geographically separated, respond
differently to particular environmental variables (Ferguson and Talent 1993, Hunt von
Herbing and Boutilier 1996). These differences could be interpreted as an evolutionary
response or adaptation to different envirorunental constraints that each population
experiences in nature (Ricker 1972). Although some of these differences appear to have a
generic component, in many cases it has been difficult to establish how selective pressure
has resulted in the suite of differences observed (Beacham et al. 1988).
As discussed earlier, prey availability is generally considered an important
regulator of recruitment (Cushing 1972). Solomon (1949) proposed functional and
numerical responses of predators, pathogens and parasites in relarion to increasing
numbers or density of prey or bost. The functional response describes the relationship
between the concentration (or density) of the prey (or host) and the number of prey (host)
items that is ingested (or infested) per unit time. Usually increases in prey numbers
increase the consumption rates and result in higher reproduction rates (reproductive
numerical response) or survival rates (non-reproductive numerical response) or both
(Solomon 1949, Nunny 1985). Holling (1965) proposed three types offunetional
responses depending on whether the feeding response increases with increasing prey
concentration I) linearly to a maximum (the type 1), 2) asymptolically at a decelerating
rate (the type m, or 3) in a sigmoid function, the type ill. lnitiaUy Holling's proposal
drew the attention of many investigators to test the model, mostly on arthropod
predator/partlSitism systems (Holling 1966, Mori and Chant 1966, Huffaker et aI 1969),
but it has been extended to other systems including fish (Murdoch 1973, Hassell et
aI.1977, Houde and Schekter t980)
Studies of predator-prey systems involving fish as predators have shown that
consumption rate offish could be descnbed by either a type IT or type ill functional
response (Houde and Schekter 1980, Miller et aI. 1992, Winkler and Orellana 1992). Such
differences in the type of functional response exhibited by different fish species could be
due to different modes of feeding exhibited by various predator species to different prey
species. Various rates of prey consumption at different prey concentrations may also result
in a differential response in development and growth within a species. Studies on fish
sbow that first feeding larvae improve their foraging ability as they develop (Rosenthal and
Hempel 1970, Houde and Schekter 1980, Miller et aI. 1992). Thus, fisb larvae exposed to
a sub-optimal prey concentration tend to grow slowly compared to those exposed to
optimal prey concentrations which leads to a size variation within a cohort. Miller et
al.(1992) in their investigation on body size and functional response of three fish species
demonstrated a size dependency in the functional response during development. Thus such
studies on the predatory responses oflarval fish should enhance our understanding ofthe
dynamics ofiarvaI fish and its relevance to growth and survival.
My research investigates the effects of some ecological factors on the foraging
behaviour, growth and survival of Atlantic cod (Gadus morhua) larvae, Atlantic cod is an
ideal model for the study of geographic variation in their response to environmental
characteristics due to their extended range from the arctic seas to temperate oceans (Scott
and Scott 1988). Other studies (Cross and Payne1978, Pogson et al. 1995, Hunt von
Herbing and Boutilier 1996) showed that there appear to be one or more separate stocks
of Atlantic cod among and within the regions. Thus, in the second chapter of my thesis, I
will investigate how different light levels affect the growth and survival of the larvae from
two different cod populations. The idea of doing this occurred to me when I was
attempting to develop a rearing protocol for larval cod from two populations. This chapter
explains how the environmental factors could differentially influence larval behaviour,
growth and survival oflarvae from the two different populations.
The swimming and foraging behaviour of larval cod has been investigated by
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several researchers but these studies have been done for only a particular developmental
stage and carried out over a few days (Skiftesvik 1992, Munk 1995). No one has
investigated the ontogeny offoraging behavior for an extended period. In chapter three I
investigate the ontogeny ofcod foraging behaviour from hatching to metamorphosis in
relation to varying prey concentration.
Results from the experiment described in Chapter three did not provide a full
picture ofthe effects of prey concentration on the growth and survival of larval cod as it
was mainly designed to study the development offoraging behaviour. It was not clear
from the results that whether 4000 prey L- l was the optimal prey concentration for
intensive rearing of larval cod or the growth and survival would continue to increase with
funher increase in prey concentration. Thus as a next step, [conducted a further
experiment using prey concentrations higher than 4000 prey L· l and monitored the growth
and survival of the larvae from week 2 post-hatch. Although, this experiment will
investigate mainly the growth and survival oflarval cod, behavioural observations will be
used to explain any differences in growth and/or survival between the treatments. Chapter
five examines the effect of light intensity and photoperiod on the foraging, growth and
survival of Atlantic cod (NF origin) larvae. Both of the above experiments (Chapter four
and five) have been done with an aim to develop a rearing protocol of these fish species in
intensive rearing conditions. Chapter six e.xplains the different responses that are involved
with prey concentration and larval feeding behaviour. It examines what type offunetional,
developmental and numerical responses larval cod exhibit to different prey
J(
concentrations. In the final chapter, I discuss the results of all the experiments in terms of
the natural ecology and aquaculture of Atlantic cod and emphasize the importance of
behavioural observations in larval studies.
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Cbapter Two: Effect of light intensity on the foraging and growth of Atlantic cod
larvae: interpopulation difference?
Introduction
Geographic variation in growth and survival among populations of the same
species has been well documented in reptiles (Ferguson and Talent 1993), fishes (Blaxter
and Hempel 1963, Houde 1989, Fleming and Gross 1990, Castro and Cowen 1991,
Present and Conover 1992, Mathias et at. 1993), and some invertebrates (Lonsdale and
Levinton 1985). Although studies have examined geographic variation in growth and
survival among fish populations, most of these have dealt with salmonids and adult fish
(Fleming and Gross 1990, Present and Conover 1992, Mathias et al. 1993) and only a little
work has been done on geographic variation in the early life history of fishes (Blaxter and
Hempel 1963, Houde 1989, Castro and Cowen 1991). It has been hypothesized and
demonstrated that animal populations which are geographically separated, respond
differently to particular environmental variables (Ferguson and Talent 1993). These
differences could be interpreted as an evolutionary response or adaptation to different
levels of environmental constraints that each population experiences in nature (Ricker
1972). Although some oftbese differences appear to have a heritable (i.e. genetic)
component, in many cases it has been difficult to establish how selective pressure has
resulted in the suite of differences observed (Beacham et a1. 1988).
Atlantic cod, Gadus morhua, is an ideal model for the study ofgeographic
variation in their response to environmental characteristics. Its range extends from the
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arctic seas to temperate oceans and wittlln each region there appear to be one or more
separate stocks (Scott and Scott 1988). For example, Cross and Payne( 1978) using
electrophoretic and imrnunochemical characteristics, suggested the existence of genetically
discrete sub-populations of Atlantic cod within restricted geographic areas off eastern
North America. Recently, Pogson et al. (1995) using complementary DNA (cDNA)
probes showed that populations of cod along the nonheast coast of Newfoundland and
along the coast ofNova Scotia are genetically discrete. Cod populations along the east
coast of Canada spa....n at different times. Surprisingly little work has been done on intra-
population variations of Atlantic cod, despite their wide distribution. Nottllng has been
done to examine effects ofgeographic variation in the early life history of Atlantic cod
until recently Hunt von Herbing and Boutilier (1996) examined the effect of temperature
on the activity and metabolism ofilUVal cod from the two populations (NF and SS origin).
Light, in panicular, plays an important role in the growth and sutvival of larval fish
(Blaxter 1975, Bany 1987). Light can influence the behaviour offish, through its variation
in intensity, wavelength and polarization and diurnal and seasonal variation (Munz 1975,
McFarland 1986). The availability of light during the early life stages of fishes also affects
the normal development of the eye. The response oflarval fish to a panicular
characteristic oflight is species specific. rn the cichlid Haplochromis burton; (Zeutzius
and Rahmann t 984) and rainbow trout Salrna ga;rdneri (Rahmann et al. 1979), light
deprivation in the early larval stage affects the normal development of the eye and reduces
visual acuity. rn contrast, halibut (Hippoglossus hippoglossus) yolk.sac larvae develop
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abnonnally in the presence of light (Bolla and Holmefjord 1988). Despite an impressive
amount of research on the early life history of Atlantic cod larvae, no investigations have
been done on the effects of light on growth and feeding.
Preliminary experiments on the foraging, growth and survival of cod larvae from
the Scotian She1f(SS; latitude 44°30'N) and Northeast Grand Bank (NF; 47°30'N) in the
Ocean Sciences Centre (Osq, Memorial University ofNewfoundland, showed that
growth and survival between the two groups differed under different light intensity. I set
up laboratory experiments to test the working hypothesis that light intensity would
differentially affect the growth and survival of the larvae from these two geographically
separate cod populations.
Materials and methods
COUectiOD oreggs
Naturally spawned fertilized eggs were collected from Scotian Shelf (SS)
broodstock maintained at Dalhousie University, Halifax, Nova Scotia and from
Northeastern Grand Banks (NF) broodstock maintained at the OSC. The SS broodstock
spawn naturally from November through January (Brander and Hurley 1992) while the NF
broodstock spawn from April throughluly (Fahay 1983, Myers et al. 1993). Thus,
experiments were conducted at different times of the year, but otherwise protocols were
identical. SS eggs were coUeeted in early December 1993 while NF eggs were collected in
late May 1993. At the time ofegg collection temperature in the brood stock tanks was
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between 4-6° C for NF and 5~PC for the SS broodstock. Similar temperatures were
reported in the field during late fall for the SS (Smith 1989) and summer for NF (Myers et
al. 1993). SS eggs were transported to the OSC and incubated under the same condition
as NF eggs. Light intensity in the incubation room was 300-400 lux. Eggs were incubated
between 5~7QC in 250L circular tanks with water flow and aeration. Dead eggs were
siphoned out daily and antibiotic solution (mixture oftetracyctine(lOOmgIL) and
penicillin(6OmgfL» was sprayed on the eggs to control any bacterial and fungal infections.
fucubation time for both NF eggs (13 days) and S5 eggs (14 days) was similar. When
50% of the eggs had hatched, larvae and eggs were transferred to experimental tanks and
this was taken as day 0 of the experiment.
Preliminary experiments.
Prior to the main experiment, a series of preliminary experiments was carried out
to develop protocols for the rearing of cod larvae through metamorphosis. In one
experiment, ( duplicated the conditions used by Norwegian scientists (Ellertsen et. al
1980, Solberg and Tilseth 1987) including [ow light intensities «100 lux). In these
experiments r used a light intensity of -10 luxlO.19 ttE m-2 and a 16L:8D photoperiod and
temperature was maintained between 7_9°C. Laboratory~reared rotifers and/or Arremia sp
were used at four prey concentrations ranging from 500 to 4000 prey per litre. The results
showed that SS larvae grew and survived better than NF larvae. Both the populations
grew better in 4000 preylL.
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In a second preliminary experiment, I used 24h light (of appropriate intensity) for
both NF and 55 cod larvae and prey levels of 4000 preyll. For both populations, survivaJ
was higher under the continuous light regime than under 16L:8D. Previous studies
indicate that other fish species achieve a better growth and/or survival using 24 hr
photoperiod (Kiyono and Hirano 1981, Duray and Kohno 1988).
All experiments were carried out at the OSC in a temperature controUed room
maintained at 8°C. Water temperature in the experimentaJ tanks was measured daily in the
morning. The room was subdivided into two chambers by an opaque black plastic curtain.
One chamber was assigned as high light (HL) intensity treatment (12.92 tiE m·1/680 lux)
and the other a low light (LL) intensity (0.19 tiE m .2/8.5 lux) treatment. These light
intensities were chosen based on the results from my preliminary experiments. The
experimental tanks were 30 L rectangular glass aquaria (38 cm in depth) with two tanks
per treatment. Three sides of each aquarium were covered by opaque black plastic_ The
front was not covered to facilitate the behavioural observations. Two 9O-watt
incandescent bulbs, one each above each ofthe HI. tanks, and two 7.5-watt incandescent
bulbs, one each above each of the LL tanks were used. Both type of bulbs produce a
smooth continuous spectrum ranging from 400-700 om (General Electric (GE) Company,
4400 Cox Road, P.O. Box 4410, Glen Allen., VA, USA 23058-4410). All tanks were
covered by a sheet of blue-green plastic to ensure an even distribution of light into the
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tanks. Low light tanks were covered with two blue green plastic sheets to achieve 8.5 lux.
Light intensity inside the tanks was measured using a light meter (SPER Scientific light
meter 840006 for measurements in lux and Li-Cor Quantum photometer, model L 1-189
for measurements in.uE m-~, held just above the water surface. All measurements were
taken when the covers were on. A 24m photoperiod was used.
Initially, tanks were filled with filtered, UV treated sea water. Larvae were
transferred to the experimental tanks at 50% hatch. Larval stocking density was 40
larvaeJl. For the first week, there was no exchange of water. After one week a flow of
100-200 mllmin. was started which was gradually increased to 700-800 mVmin. during the
fourth week. Green algae (lsochrysis sp) were added to the tanks daily from day one to
the end ofthe experiment. Cultured, HUFA-enriched (highly unsaturated fatty acid)
rotifers (BrachiolnlS plicatilis) and/or Anemia salina were used as prey. From day 3 to
day 10 post-hatch rotifers were used as prey. As the larvae grew a mixture of rotifers and
Anemia (1:1) were used. Prey concentration was mainlained at 4000 preylL. To maintain
this prey leveL,. a 10m1 water aliquot was sampled daily from each lank at different depths
Gust below surface, mid water column, andjusl above bottom). The number of prey was
counted and prey levels were adjusted to 4000 preylL, if necessary. The blue-green covers
and presence of aeration through a air stone and an air lift helped to reduce the patchiness
of the prey (Ellertsen et al. 1980, Gulbrandsen 1991).
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Data collection
Ten larvae were sampled on day 0 and thereafter five larvae from each tank (10
per treatment) were arbitrarily chosen for morphometric measurements and dry weights at
5 day intervals over the duration of the experiment (43 days). Using a dissecting
microscope, standard length (nun) and presence or absence oHood in the gut in
proportion to gut volume (empty, 25%, 50'%, 75% and fuH; McLaren and Avendafto
1995), were recorded. After measuremenls, each larva was rinsed in fresh water and
placed on a pre-weighed piece of aluminum foil and dried in an oven for 24-48 hrs at
65°C- To calculate the larval dry weight,larvae and foils were weighed to the nearest
0.0001 mg using an electronic microbalance.
Behavioural observations were recorded from day 1 to day 31 post-hatch for NF
stock, and from day I post-hatch to day 43 post-hatch for 55 stock using a Tandy 102
event recorder. I could not collect behavioural data for NF cod larvae beyond day 31 due
10 technical problems. Observations were conducted twice a week and all the observations
were made by an observer seated in front of each tank betWeen 10 am and 12 noon.
During each observation period, a larva was observed for one minute. The occurrence
(beginning and end ofthe event) ofany of five foraging Modal Action Patterns or two
activities (swim or motionless) (MAP's; Barlow 1977; Table 2.1) performed by the larva
was recorded. In total, five larvae were observed in each tank: (10 per treatment). In this
Chapter, I combined the frequencies (MAP'simin.) of orientation, success, miss, and pass
into a category termed foraging frequency.
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Table 2.1: Operational definitions ofFeediog Modal Action Patterns (MAP's) for larval
ood.
MAP Definition
Swim - forward movement of larva through water column accomplished by
caudal fin action.
Motionless - larva is not swimming.
Orient - larva stationary and fixates on a prey item.
Bite - larva attempts to capture prey.
Success - prey is captured.
Miss - prey is not captured.
Pass - larva orients on a prey item but does not bite, larva then swims in
another direction.
Foraging frequency = Orient + Success + Miss + Pass.
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The experiment was carried out for 43 days and tenninated when the majority of
the larvae were past metamorphosis. Metamorphosis was determined externally by the
disappearance of the continuous fin fold and subsequent fonnation of discrete fins. At the
end of the experiment. the numbers of surviving larvae were recorded.
Data analysis
AU data were tested for nonnality ( SAS 1988). The foraging frequency and gut
fullness index: data were not nonnal. and a non-parametric one-way ANOVA (Wilcoxon
Rank Statistic) was used to determine the effect of light level (p s 0.05).
The effects of light level and age on standard length and swimming ofcod larvae
were analysed by two-way analysis of variance (p s 0.05).The Tukey test was used for a
multiple comparison among different light trcatmems and locations ( SSINF) for each
week.
Results
By the end of the second week, there was a significant difference in standard
length (ANOVA, (Fll.1611=29.3; p<O.OOOI) among NF cod larvae raised under high and
low light intensity conditions. NF larvae reared under high light grew more from week
three until the end of the experiment (Fig. 2.la and Table 2.2). In contrast. SS cod larvae
grew significantly better under low light. In fact. SS larvae reared under high light did not
survive beyond the fourth week (Fig. 2.lb). Analysis of the data for the first four weeks
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showed that the standard length of the 55 larvae reared under low light was significantly
higher (Frl.m=5.99; p<O.OOI63) than that ofSS larvae reared under high light.
Overall., there was no significant difference between the standard length of SS
larvae reared under low light and NF larvae reared under high light (Frl.I631=1.27~
p<O.2622). However, at hatching the SS larvae were larger in length than the NF larvae
but NF larvae reared under high light exceeded the standard length of S5 larvae by the end
of two weeks. There was no significant difference between the growth ofNF larvae under
high light and SS larvae under low light at weeks 3 and 4, but NF larvae reared under high
light were significantly larger than 55 larvae reared under high light at weeks 3 and 4
(Table 2.2). 5S larvae reared under low light were significantly larger than NF larvae
reared under the same condition (F11.1561""87.09~ p<O.OOOI). but there was no significant
difference at weeks 3 and 4. After four weeks, 55 larvae were significantly larger than the
NF cod larvae (Table 2.2).
The duration of swimming ofNF larvae was significantly higher (Frl,llsl-=25.28;
p<O.OOOI) under high light than low light (Fig 2.2a and Table 2.3). This higher swimming
activity probably resulted in a higher encounter rate with the prey which resulted in an
increased foraging frequency under high light condition, The mean foraging frequency of
NF larvae was significantly higher under high light (2=-4.27284, df-= I; p=O.OOOI) than for
larvae under low light (Fig 2.2b). The gut fullness analysis also confirmed higher rate of
successful prey encounter ofNF larvae under high light than under low light. The index of
gut fuUness ofNF cod larvae was significantly higher (2'=4.46398, df=:l, p=O.OOOl) under
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high light than low light conditions(Fig_ 2.2c).
There was no significant difference in swimming duration (F11.1r9j"'O.86; p=O.]56)
between SS larvae reared under low and high light (Fig 2.]a and Table 2.]). However. the
foraging frequency oflarvae under low light conditions was significantly higher than that
under high light conditions (2=-7.02919. df--l; p=O.OOOI) (Fig 2.]b). This was reflected in
gut fullness index (Fig. 2.3c). which was significantly higher under low light (2=-2.912]7.
df=1; JFO.OO]6) than high light conditions. At tlie end of the experiment the survival of
NF cod larvae was higher in high light compared to low light. SS larvae did not survive in
high light, but in low light survival ofSS larvae was much higher than NF larvae (Fig 2.4).
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Figure 2.1. Mean standard length (mm) of; a) Newfoundland and,
b) Scotian Shelf cod larvae reared under low (8.5 lux) light
and high (680 lux) light conditions over age (weeks). Values
are mean:t SE. n= 10-20 larvae per week... indicate significant
difference.
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Table 2.2 Results of the Tukey analysis comparing the mean standard length (mm) of cod larvae from SS and NF under two
light levels (LL and HL) from week I to week 7 post-hatch. Values arc the differcnces in mean standard length between two
treall1lent comparisons.
Treatment Weeks post-hatch
Comparisons
NFHL and SSLL -0.388' ·0.430' 0.268 0.194 -0.536 -0.728' -1.141
t:
NFHL and NFLL 0.006 0.241 0.421' 0.582 0.823' 1.443· 2.318'
NFHL and SSHL -0.397' -0.400· 0.574' 1.024·
NFLL and SSLL -0.394' -0.671' -0.153 -0.388 -1.359· ·1.493· -3.459'
NFLL and SSHL -0.403' -0.641' 0.153 0.441
SSLL and SSHL -0.007 0.030 0.306 0.829'
.:,. indicates a significant difference between the lreall1lenlS (p<0.05).
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Figure 2.2. a) Mean swimming duration (sec), b) mean foraging frequency,
and c) mean gut fullness index of Newfoundland cod larvae
reared at lOW" and high light conditions. Values are mean ±SE.
* indicates significant difference. n=20 larvae per week.
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Table 2.3 Results of the Tukey analysis comparing the mean swimming duration(sec) of
cod larvae from SS and NF under two light levels (LL and HL) from week I to week 5
post-hatcb. Values are the differences in mean standard length between two treatment
comparisons.• - indicates a significant difference between the treatments (p<O.OS).
Treatment Weeks post-hatch
CompariSODs 3
NFHL and SSLL 1.515 1.153 0.550 1.025 1.510·
NFHL and NFLL 0.875 2.873· 2.055'" 2.965· 3.650·
NFHL and SSHL 2.940'" 1.288 1.565 1.515
NFLL and SSLL 0.640 -1.720 -LSOS -1.940· -2.140·
NFLL and SSm... 2.065 ·1.585 -0.490 -1.450
SSLL and SSHL 1.425 0.135 1.015 0.490
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Figure 2.3 a) Mean swimming duration (sec), b) mean foraging frequency,
c) mean gut fullness index of Scotian Shelf cod larvae reared
at low and high light conditions. Values are mean ± SE.
• indicates significant difference. n=20 larvae per week.
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Figure 2.4. Total number of Scotian Shelf and Newfoundland
cod lalVae surviving at the end of the each
experiment in relation to the light levels at which they
were reared.
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Discu.s5iOD
0ver3ll. my results showed a significant difference in the swimming,. foraging.
growth and survival of Atlantic cod larvae from two populations in relation to light
intensity. For example, NF cod larvae foraged more, grew faster- and bad higher- survival
under high light intensity, while 55 cod larvae performed better under low light
conditions. Even though eggsIlarvae were collected at different times of the year from
natural spawning, the experimental conditions (temperature range, light intensity,
photoperiod, prey typeIdensity) were identical for both populations. Although I reported
light intensities both in lux and ~Em·2, other studies reported either on lux or 1iEm-2. Since
these units cannot be inter-converted, I will report whatever the units those studies used [0
measure the light intensity.
It is apparent thai light intensity affected the foraging ability of larvae
differentially. The ecological reason foc this result may be traced to the different spawning
seasons ofeach population. The population ofcod [ studied from the Scotian Shelf
typically spawn over the period ofNovember-January (Brander and Hurley 1992) while
cod on the Grand Bank typically spawn from April·July (Fahay 1983). Wimer sea surface
light levels at the latitude of the Scotian Shelf range from 3 180-1 360 lux from November
to January respectively, while the spring/summer sea surface light levels at the latitude of
Northeastern Grand Bank range from 13,000-20,000 lux from April to July (Nielsen 1974,
Blaxter and Batty 1990). Thus larvae on the Grand Bank might possibly be expected to
experience ten~fold higher light levels compared to cod larvae on the Scotian Shelf from
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the falUwinter spawning. As such, the differences between larvae from these two
populations noted in this study may reflect an adaptation ofthese larvae to local
conditions.
Anderson and de Young (1995) reported that cod larvae in the offshore and
inshore areas ofnortheastem Newfoundland occupy the top 40 m (5-35 m) of the water
colullU\ during summer months. Field data from Conception Bay, Newfoundland (inshore
of the Northeastern Grand Bank) showed that light intensity during the month of July, at
40 m depth, ranges between 10-30 ~Em-2 (R.Rivkin, unpublished data).Thus in nature,
cod larvae from NF experience similar light intensities to those ofthe high light treatment.
On the other hand, cod larvae from SS occur at a depth of20-30 m in late fall (Mckenzie
1940). O'Reilly et a1. (1987) reported that the surface sun light over the SS diminishes to
1% between 20-45 m. So the larvae from SS would likely experience a light intensity of
13-31 lux in late fall which is comparable to the low light intensity (8.5 lux) used in this
experiment.
Survival ofNF cod larvae at the end ofthe experiment was higher under high light
than low light. In contrast, SS larvae survived only under low light. The reason SS larvae
did not forage or survive beyond four weeks in high light intensity, is difficult to explain.
Swimming ofSS larvae was not significantly different between high and low light
intensities, but the foraging activity and the gut fullness oflarvae were lower in high light.
The latter result suggests that at high light intensity, SS larvae did not forage as efficiently
as they did at low light intensity. The reason that SS cod larvae foraged poorly under high
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light is not obvious. In nature, larvae can vertically migrate, so that ifunfavourable
conditions occur, they could migrate to more favourable depths in the water column
(Lough and Potter 1993)
As in most marine larval fishes. cod larvae have a poorly developed visual system
at hatching. The eyes of most fish larvae become more pigmented during first feeding
(Blaxter 1986). Most pelagic larvae, investigated so far, have a pure cone retina at first
feeding (Blaxter and Staines 1970). During metamorphosis, this pure cone retina becomes
a duplex retina and the juveniles move down into the water column (Shand 1994). The
changes in the visual system could be associated with changes in both habitat and feeding
behaviour. In contrast. some deep-sea larvae (e.g. an anguillid and a macrourid larva) have
a pure rod retina at hatching (Munz 1958). It would appear that the variation and change
in eye pigments can be related to the diversity of the environments, e.g.• in different light
intensities at various depths. larvae encounter. It will also reflect the different visual tasks
the animals have to face. Regardless, all these observations imply that the presence of rods
in the retina help the larval fish to cope with a darker environment. If this is the case, then
fish larvae which experience low light levels may have a higher concentration of rods in
their retina to facilitate searching for prey. Based on these results, 5S larvae might be
expected to develop a greater concentration of rods in their retina early in the first feeding
stage compared to NF larvae which begin foraging in a high light envirorunent.
Sizes of marine fish larvae are influenced by egg size which in tum is influenced by
female condition (Chambers and Waiwood 1996) and the environmental conditions
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experienced during the embryonic stage (Miller et al . 1993). In my study, incubation
conditions were similar for eggs from both NF and 5S populations. Thus, the size
difference at hatching between the larvae from two populations may be due to the
differences in egg size. Unfortunately, I could not verifY this as the egg sizes were not
measured. Funher, egg size varies substantially over years within the same populations
and also across batches for same female in same season (McKenzie 1940, Miller et al.
1993). Thus, even though my results were consistent with the hypothesis, precautions
should be taken when comparing with other studies.
Lagomarsino and Conover (1993) reported variation in environmentally induced
sex determination process (ESD) in Atlantic silverside from different latitudes. In their
studies, larvae from higher latitudes, experiencing low temperatures, produced a higher
percentage offemales while fish from [ower latitudes, experiencing higher temperatures,
produced mainly males. This incongruity was mainly attributed to differences in
temperature experienced during the spawning season, and suggested that sex
determination in silverside is controUed by an interaction between genetic factors.
phylogenetic factors and temperature. A similar scenario may apply in the case of the S5
and NF cod populations. A portion of cod in the Scotian Shelf spawn during winter, larvae
experience low light levels, and based on my results, display better growth and survival at
[ow light conditions. In contrast, NF cod spawn during summer (high light), and larvae
perfonned better under high light conditions. As was in silverside, the underlying
mechanism for the difference in response to light in larval cod may also be controlled by
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genetic factors and/or light, but needs more investigation.
The other attribute of light which has been shown to have an effect on aquatic
organism is the spectral quality (Munz and McFarland 1973, Hobson et a1. 1981, Levine
and McNichol 1982). The studies reporting these effects have been field studies dealing
with adult populations and to the best of my knowledge no study has experimentally
determined how spectral quality might influence the growt.h and survival oflarval fish.
Shand (1993) reported that the abrupt change in the spectraJ sensitivity of the goatfish
(Upeneus lragula) eye coincided with metamorphosis and the benthic mode of life.
Juvenile poUack (Pollachius pollachius) also showed a progressive change in the spectral
absorbency during their late pelagic stage (Shand et al. 1988). In both cases., changes in
the spectral sensitivity correspond to changes in life style, i.e. from pelagic to benthic life.
Since I investigated only the pelagic stage up to late larvae of Atlantic cod, spectral quality
may not affect feeding behaviour over the course of my experiment. Shand et al.(1988)
also showed that the change in spectral sensitivity in the poUack is correlated more to
age/size than to season. Thus the early life-stage larval cod that I investigated may not go
through the developmental changes oflhe eye related to spectral sensitivity until later in
Jarvallife.
In summary, my results demonstrate that different light intensities had an influence
on activity, foraging, growth and survival of two populations of Atlantic cod larvae. This
result also suggests that for the successful rearing offish larvae., we have to understand the
role various environmental factors plays in influencing larva! growth and survival.
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Chapter Three: Effect of prey concentration on the foraging behaviour of larval
Atlantic cod from hatching to metamorphosis.
Introduction
Larval fish are poorly developed at hatch. Due to this, larvae are vulnerable to both
predation and starvation. Monality during this stage is size specific and declines with
growth and development (Folkvord and Hunter 1986, Blaxter (988) which is related to
the simultaneous emergence ofbehaviours and changes in morphology. For instance, the
development of fins and locomotor muscles and the refinement of sensory systems
influence swimming and foraging activity (Blaxter 1986, Noakes and Godin 1988) and are
size related. It seems reasonable that a larva's ability to locate and capture food should
improve with growth, development and experience. Numerous studies have shown larval
foraging behaviour changes with size. Browman and O'Brien (1992a) documented the
ontogeny of search behaviour in white crappie larvae (Pomoris anmmlaris). In their study,
fish size was found to have a significant overall effect on foraging behaviour. Similar
results were reported for the golden shiner (Otemigorrus cryleucos) (Browman and
O'Brien 1992b), nonhern anchovy (Engraulis mordax) (Hunter 1972) and herring
(Clupea harengus) (Blaxter and Staines 1971). In addition to increasing body size,
development of the visual system also influences the foraging behaviour. lncreased visual
acuity produces a larger visual field in which larvae can detect more prey as well as
predators, thereby allowing the larvae to feed faster and more efficiently (Noakes and
Godin 1988).
Growth and survival of larval fish during the early development stages is largely
influenced by feeding conditions (Frank and Leggen 1986. van der Meeren and N~ss
1993). Variability in both prey abundance and prey size can produce unpredictable
foraging envirorunents during the early stages oflarval ontogeny. When prey
concentrations are low or prey are of inappropriate size. larvae may be forced to feed on
energeticaUy unfavourable prey items in order to achieve maintenance diets_ As a result,
larvae may be forced to search greater volumes of water and increase foraging time to
obtain lower energetic gains. Growth is often slow or negligible under these conditions
and larvae can experience degeneration of muscle and other tissue types. thereby resulting
in impaired behavioural responses (Laurence 1972; Skiftcsvik 1992,1994). A larva's
susceptibility to starvation may decrease as larvae grow, establish energy reserves and
develop an extended behavioural repertoire.
It is surprising that in spite of the tremendous amount of work which has been
done on Atlantic cod (Gadus morhua) larvae, there is no detailed information available on
the ontogeny of foraging behaviour or on the effect of prey concentration on cod larval
growth and survival in intensive rearing systems. Munk (1995) observed foraging
behaviour oflarval cod under different prey concentrations but his experiment was carried
out only for a five day period on 2-3 week old larval cod. His work addressed important
issues but provided no information on the effect of prey concentration on the progressive
development offoraging behaviour oflarval cod over an extended period. Meanwhile,
other mesocosm studies on cod larvae wltich examined the effect of feeding condition did
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Fertilized A1Ianric cod eggs Vo"Cl"e collected from a narunlly sp.twning apti\'~
brood Slock mairnained at the Ocean Sciences Cencre, Logy Bay. Newfuundland. Eggs
were incubated in floating rectangular baskcu at 6°C until hatch.. When S~.. of I~ eggs
had hatched (day 0), ten larvae were sampled from the basket for initial morphomeulc
measurements. All experiments were carried out in a tcmpcrature-colllrolled room
maintained at goC. The water temperature was maintained between 7-'PC. The
experimental tanks were 30 I re<:tangular glass aquaria with two tanks per treatment.
Three sides of each aquarium were covered by opaque black plastic. The front was nOI
covered to facilitate behavioural observations. Overhead fluoresccllllight tubes were used
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to provide a light intensity of 700 lux at the water surface and light was measured using a
light metre (SPER Scientific light metre 8400(6). A 24h light photoperiod was used.
Tanks were supplied with filtered sea water. InitiaUy the water flow rate was about
100-200 ml min-I. As the larvae grew. this was gradually increased to 500-600 ml min-I.
Green algae (Isoduysis sp) were added daily to the tanks throughout the experiment.
When nearly 100"/e of the larvae had hatched (day I), approximately 1200 larvae (40
larvae per litre) were transferred to each often experimental tanks. Four prey
concentrations were used, 500, 1000, 2000 and 4000 prey per litre with a concrol (no
prey). Experimental prey concentrations were chosen on the basis of previous laboratory
srudies which found increased larval growth and survival through metamorphosis at high
prey concentrations, whereas growth and survival were significantly reduced in larval cod
reared in low prey concentration.
Laboratory-reared, enriched rotifers (Brochionus plicof;/iS) and/or Artemia nauplii
were used as prey. From day two to day IS post-hatch, enriched rotifen were used as
prey. As the larvae grew. a mixture ofrotifer-s and Anemia nauplii were used. Larvae were
offet'ed. food from day two post-hatch. An up-welling aeration system (EUertserl et al.
1980) was used to ensure a homogeneous prey distribution within the tank. To maintain a
constant prey level within each experimental tank, before adding the prey, a 10 mI water
aliquot was sampled from each tank at different depths (just below surface, mid water
column. and just above bottom). The number of prey was counced and prey levels were
adjusted twice a day. once in the morning (9.00) and again in the afternoon (15.00).
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Data coUection
Behavioural obSCf'lations were conducted from day two until day 44 posr·hatch.
Observ.uions were conducted twice a week in the morning and all observations were made
by an observer seated quietly at eye level. 30 em in front ofthe aquaria. Prior to an
observation session. the desired quantity of prey was introduced evenly into the tanks.
Observation commenced two minutes after adding the food. The focal animal technique
(Altman 1974) was used and an arbitrarily selected larva was observed for a one minute
interval. During each observation period, ten larvae from each tank (20 per treatment)
were observed. The occurrence (both frequency and duration) of any of six Modal Action
Patterns (MAP's; Barlow 1977; Table 3, I) perfonned by the larva was recorded using an
event recorder (Tandy 102) and behavioural software (Observer, Noldus lnfonnation
technology, Wagerungen, Netherlands)
Five larvae from each tank (ten per treatment) were arbitrarily chosen for length
determinations once a week over the duration ofthe ccperiment (from day six to day 46).
Using a dissecting microscope equipped with a micrometer, standard length (mm) and the
presence or absence of food in the gut in proportion to gut volume (gut fullness) were
recorded. Gut fullness index was visually estimated into five categories; empty, 25% full,.
500/. full, 75% full orfuU (M:claren & Avendailo 1995).
The experiment was carried out for 46 days post-hatch. The experiment was
terminated when the majority (800/0) of the larvae in the high food treatment had
metamorphosed which was determined extemaUy by the disappearance of the continuous
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fin fold and subsequent fonnation ofdiscrete fins. At the end of the experiment, the
number of surviving larvae in each treatment was recorded.
Data analysis
Prior to analysis., data were tested for the assumptions required to perform analysis
of variance. Normality was tested by using Kolomogorov-Smimov statistic (SAS 1988)
and plots of residuals and predicted values were examined. The behavioural data were not
nonnally distributed and available transformation methods could not nonnalize the data.
However, according to central limit theorem, normality can be relaxed in cases where
sample size is large (in my case n=840, Johnson and Wichern 1992). The effects of prey
concentration and age (days) on swimming, all foraging data, standard length and gut
fullness index were analysed by two-way ANQYA (SAS 1988; psO.OS). When significant
results were obtained., Tukey's studentized (HST) test was used to detennine which means
differed
Results
Results from ANOYA showed significant interactions between prey concentrations
and larval age for all behavioural MAP's, except for pass (Table 3.2). These results
indicate these MAP's varied with larval age and the influence on these MAP's was
different depending on which prey concentrations the larvae were exposed to.
The swimming of the larvae was typically characterized by short, intermittent
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bursts produced by the action ofthe caudal area of the body, followed by periods where
larvae remained motionless. Initially (day two) most of the larvae occupied the water
surface and were motionless except for frequent short swimming bouts, but by day five
larvae had moved down in the water column. Prey concentration had a significant effect
on swinuning duration ofiarvaJ cod (Table 3.2). Differences in swimming duration among
treatments became apparent from day five post-hatch. Larvae reared in lower prey
concentrations swam significantly more than larvae reared in higher prey concentrations.
From day nine onwards, larvae in the control and 500 prey L- t treatment swam
significantly less than the larvae in other treatments (Fig. 3. t).
The foraging behaviour oflarval cod consisted of four MAP's; orient, capture,
miss and pass (Table 3.1). The frequency of the foraging MAP's were significantly
different (Table 3.2) among the treatments. Larvae reared in 4000 prey L· t oriented and
captured significantly more prey than the larvae reared in lower prey concentrations (Fig.
3.23, 3.2b). Larvae reared in 4000 prey L-1 oriented more towards prey than larvae from
the other treatments until day 37 (Table 3.3). Except in the later pan of the experiment
(day 30), larvae reared in 4000 prey L·1 foraged significantly more than the larvae in all
other treatments (Table 3.4). Initially, larvae from all treatments had a high frequency of
miss which staned to decline from day 12 onwards in higher prey concentrations
(Fig.3.3a). There was no significant difference in miss frequency betWeen the treatments,
except for 1000 prey L"l (Table 3.5). Initially, frequency of pass increased to day 12 and
leveled off to day 27 and then increase up to day 37. Generally, the incidence of pass was
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more frequent in larvae reared at 4000 prey L- l than larvae from lower prey concentrations
(Fig.3.3b).
The frequency ofthe capture and miss MAP's were pooled together to create the
variable "attack" which was used to calculate capture success.
Capture success" (capture frequency I attack frequency)· tOO
Larvae reared in 2000 and 4000 prey L-' showed a steady increase in capture
success from day 2 onwards and reached 100"10 on day 27 and 23 respectively (Fig. 3.4a)
The mean time spent per orient increased initially for all treatments and declined to its
minimum between 27 and 30 days post.hatch (Fig.3.4b ). When searching for prey, larval
cod would swim a short distance and became stationary (pause) scanning (detennined
from the movement of the head region and eye oflarvae) for prey. Not all pauses resulted
in successfully locating the prey. When a prey was not located, the larvae continued
swimming. However, the ratios between the frequency of orient and pause & frequency of
attack and pause increased as the larvae grew (Fig. 3.5a & 3.5b). The ratios between
orient and pause & attack and pause were higher for larvae reared in 4000 prey L· l
throughout the study. Once prey was detected, a larva would orient and fixate on the prey.
After fixating on the prey, the larva either attempted to capture it or would move towards
the prey but not try to capture it then swim in another direction (pass). Not all orients
resulted in an attack or a pass. Sometimes a larva would orient towards the prey but
would uncoil the body and continue to swim without moving towards the prey
The gut fullness index was significantly different among treatments (ANOYA,
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df=4; f:37.36; p:O.OOO I). Larvae reared in 2000 and 4000 prey L-1 had a higher gut
fullness index compared to larvae from lower prey concentrations (Fig. 3.6al Initially
there was no significant difference in gut fullness between larvae reared in 2000 and 4000
prey L'\ but from day 20 onwards (except for day 27) Iatvae from 4000 prey L-' had a
significantly higher gut fullness index. However, on day 46 gut fuUnCS3 index of larvae
from the 4000 prey L"' treatment was lower than that was recorded in any other sampling
day. Standard length of the cod larvae was significantly influenced by prey concentration
(ANOVA, dF4, 1'-121.49, p>O.oool). Larvae reared at low prey concentrations (0·2000
prey L- I ) were significantly smaller than the lalVae reared at 4000 prey L"I (Fig. 3.6b).
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Table 3.1. Operational definitions of Feeding Modal Action Patterns (MAP's) for larval
ood.
MAP
Swim
Pause
Orient
Capture
Miss
Pass
Definition
- forward movement of larva through water column accomplished by
movements of caudal area of body.
-larva motionless (similar to 'non-swimming' ofMunk 1995).
-larva motionless and fixates (determined by larva's eye movement) on
a prey item (similar to 'approach and attack position' ofMunk: 1995).
- larva bites and ingests prey. Larva moves towards prey by a posterior
drive of the tail (similar to 'attack' ofMwtk 1995).
-larva fails to capture prey after a bite.
-larva orients and fixates on a prey item and moves toward the prey but
does not bite. larva then swims in another direction.
Attack = Capture frequency + Miss frequency
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Table 3.2 Results ofa two-way ANOVA (age and prey concentration) on the swimming
and foraging MAP's of larval cod at different prey concentrations. Significance at 0.05
level
MAP df F-value Pro >F
Swim Model 41 13.30 0.0001
Erro, 798
Age 12 17.10 0.0001
Concentration 4 21.53 0.0001
Age x Concentration 25 7.54 0.0001
Orient Model 41 15.51 0.0001
EITO' 798
A8e 12 19.33 0.0001
Concentration 4 26.43 0.0001
Age" Concentration 25 3.52 0.0001
Capture Model 41 11.59 0.0001
EITO' 798
A8e 12 11.72 0.0001
Concentration 4 28.98 0.0001
Age x Concentration 25 2.37 0.0002
Miss Model 41 4.75 0.0001
Error 798
A8e 12 8.98 0.0001
Concentration 4 7.19 0.0001
Age x Concentration 25 2.21 0.0006
p,,, Model 41 5.17 0.0001
Error 798
Age 12 8.45 0.0001
Concentration 4 5.51 0.0002
Age x Concentration 25 0.77 0.7768
45
2 5 9 12 16 19 23 27 30 34 37 41 44
AGE POST-HA,TCH (DAY)
Fig 3.1. Mean swimming duration of Atlantic cod larvae reared in different
prey concentrations. Values are mean ± se. n=20 Jarvae per
sample per treatment
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Fig 3.2. The mean frequency of foraging MAP's exhibited by Atlantic cod
larvae reared in different prey concentrations. a) orient b) capture.
Values are mean ± S9. N=20 larvae per sample per treatment.
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Table 3.4 Results ofleast mean square comparisons examining lhe differences betWeen
means of capture frequencies or larva! cod under different prey concentrations. Values are
the differences in mean caprure frequencies between two treatment comparisons.
• - indicates significance at 0.05 level.
Treatment comparisons
Age(d) 500-1000 500-2000 500-4000 1000-2000 10Q0-4000 2000-4000
0.15 ..0.25 -0.60· -0.40· ..0.75· -0.35
-0.10 -0.25 -0.70· 0.15 -0.45· -0.60·
12 ..oAO -oAS -0.90· -0.05 -0.50 -0.45
16 -0.20 -0.65· -0.45
19 -0.05 -0.75· -0.70·
23 -0.05 -0.60· -0.55·
27 -0.80· -1.l0· -0.30
30 -OAO -0.50· -0.10
34 -0.40
37 -0.30
41 -0.25
44 0.30
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Fig 3.3. The frequency of foraging MAP's exhibited by Atlantic cod larvae
reared in different prey concentrations. a) miss, and b) pass.
Values are mean ± S8. N=20 larvae per sample per treatment.
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Table 3.5 Results of least mean squan: comparisons examining the differences between
means of miss frequencies oflarval cod under different prey concentratiOll5. Values are
the differ-ences in mean miss frequencies between two treatment comparisons.• indicates
significance at 0.05 level.
Treatment compariSODS
Age(d) 500-1000 500-2000 50Q-4000 1000-2000 1()()()...4000 2()()()..4()()()
0.25 ..Q.05 0.10 -0.30 -0.15 0.15
-0.05 -0.15 -0.25 -0.10 -0.20 -0.10
12 -0.20 0.20 -0.20 0.20 0.40
I" 0,05 0.10 0.05
I. -0.10 0.10
23 0.t5 025 0.10
27 0.30· 0.30·
30 0.30· 0.30·
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Fig 3.4. a) Capture success b) mean time spent per orient of Atlantic cod larvae
reared in different prey concentrations. Values are mean ± $e. N=20
larvae per sample per treatment.
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Fig 3.5. Ratio between number of a) orients and pauses and, b) attacks and
pauses of Atlantic cod larvae reared in different prey concentrations.
Values are mean ± S8. N=20 larvae per sample per treabnent.
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Fig 3.6. a) Mean gut fullness index and, b) standard length (mm) of Atlantic cod
larvae reared in different prey concentrations. Values are mean :t se.
N = 10 larvae per sample per treatment.
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Discussion
Previous research examining larval cod behaviour has typically been of short
duration (Ellersten et al. 1980, Skiftesvik and Huse 1987, Skiftesvik 1992, 1994,
MacKenzie and KWrboe 1995, Munk 1995). Also in these studies and others, (Gamble
and Houde 1984, Blom et a1. 1991, van der Meeren and Ncess 1993) the prey
concentration was much lower than that used in my experiments. However, tbe prey to
larva! ratios of 50-200 in those mesocosm experiments were very much comparable to the
ratio of 12.5-133.3 in my experiments (see also Gotceites et al.I996)
Foraging of larval cod consisted offour feeding MAP's: orient, capture, miss and
pass. Munk (1995) also observed similar behaviours in his work but used slightly different
terminologies (Table I). The feeding MAP's occurred between intennittent swimming
bouts. This type of foraging behaviour, where larvae travel shan distances, stop and move
again ifprey is not detected, bas been termed a saltatory search strategy. Browman and
O'Brien (19928, 1992b) documented similar search strategies in golden shiner (1992a) and
white crappie (1992b) larvae. In my study, larval cod, regardless of the prey
concentration, showed an increase in anack/pause and orientation/pause ratios over time.
The ratio was higher in 4000 prey L"l than the lower prey concentrations throughout the
study period. Browman and O'Brien (I 992b) also reponed that the ratio of attack/pause
increased as the crappie larvae grew. The increase in the ratio as the larvae grow could be
associated with the morphological changes and experience in locating and anacking the
prey. Similar observations of changes in foraging behaviours with age and/or size have
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been reported in other fish species (Gallis 1990, Croy and Hughes 1991) and these
changes were attributed 10 experience (Gallis 1990). Pass behaviour increased as the
JatVae grew and the reason for this was not clear. I 5l1$pCCl that the larvae may "choose"
more profitable prey among the available prey.
The frequency offonlging in larvaJ cod varied with larval growth and prey
a..'&ilability. Larvae reared at high prey concentratiOrt5 foraged more, grew &ster and
survived longer than larvae reared at lower prey concentrations. Overall, larval survival
was found to be related 10 foraging environment, i.e. prey concentration. Other laboratory
studies examining the effects of prey concentration on larval fish have also reponed
increased foraging rates. growth and survival at higher prey concentrations. (Wyatt 1972.
Laurence 1974, Houde 1977. Munk and Kierboe 1985).
It has been observed that iflarval fish do not successfuUy initiate and maintain
feeding before a 'aitica1 point' after yolk absorption., Ihen swimming and foraging will be
reduced and mass rnonalities wiU result (Blaxler 1988). This critical poinl is termed the
point of no renun (PNR) or the time ofirr"eve:nible survation (Blaxter 1988). The time 10
reach this point is temperature and species dependent. For larval cod, E1Iensen et at.
(l980) determined this 10 be 10-12 days post-hatch at6"C and Laumtce (1978) reponed
it as 10 days at PC. They also reponed IlIat at this poinl cod larvae show a marked
decrease in foraging activity and increased buoyancy. In my studies, larvae which were
reared at 8°C and subjected to low (no prey and 500 prey LOI) prey concentrations.
showed a decrease in swimming and foraging by day 9 and total mortality occurred in
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these low concentrations by day II and 15 respectively. These results suggest that a prey
concentration of 500 prey L-l was not sufficient to prevent larval mortality from starvation
in intensive rearing systems.
Yin and Blaxter's (1987) studies on larval herring, cod and flounder and
Skiftesvik's (I992) studies on cod and turbot (Scophthalmus maximrts) larvae documented
similar declines in foraging intensity and activity as starved larvae reached the PNR. Even
though higher activity levels should increase the likelihood oflocating prey, lower activity
levels associated with starvation in larval fishes may be a strategy employed to conserve
energy, perhaps delaying the time to irreversible starvation. Those trends were not
observed in my experiment for larval cod reared at higher prey concentrations. Under
these conditions, foraging and swimming activity increased at week two coinciding with
successful transition from endogenous to exogenous feeding. Increased activity associated
with foraging behaviour would maximize a larva's probability oflocating prey items.
Successful capture of prey by larvae in high food treatments was reflected in their growth
as well as their gut fuUness.
Associated with foraging is prey capture success, commonly defined as the ratio of
feeding attempts to the number of successful bites (Drost 1987). A larva's ability to feed
generally involves some degree of learning. In my experiment, not aU of the early feeding
attacks were successful. The failure to successfully capture a prey item may be the result
oflarvae aiming inaccurately, a slow capture attempt, or the prey item moving out of the
larva's visual field. In my study, capture success increased with larval age and was highest
57
in 4000 prey V. At this higher prey concentration. encounter rates with prey items should
be highest, thus providing larvae with increased foraging opportunities. As the prey
concentration decreases.. search volume and search time should ina-ease which may result
in increased foraging opportunities. However, this was DOt supported from my
experiment. My results showed that the encounter rate (frequency of orient) of larvae
reared in low prey concentrations was significantly lower than the encounter rate ofcod
larvae reared in high prey concentrations. Furthermore, the energy expenditures associated
with locating food items should, therefore,. be higher at lower prey concentrations.
In many species of fish larvae. capture success improves rapidly with experience
and morphological development (Blaxter 1986. Drost 1987). For example, Ellertsen et al.
(1980) observed that at the onset of exogenous feeding. larval cod had a feeding success
of32-62% which increased to ~/o towards the end of yolk absorption (7-12 days post-
hatch). 1bey annbuted this increase in capture success rates to improved manoeuverability
at the time offirst feeding. Similarly in my experiment, 1arvaI cod were observed to have a
feeding success ranging from 16.7-66% during day five post- hatch which increased to 50-
87% by day 12 post-hatch. Solberg and TI1seth (1987) observed a capture success 0£22%
at day seven post hatch for larval cod reared at less than 200 prey L· ' which was similar to
my 500 prey L-l treatment. But my 4000 prey L- l treatment had a 66% of capture success.
The low success rate of larval cod at low prey concentration indicates cod need higher
prey concentrations to survive through metamorphosis. In other marine species, capture
success at the onset of first feeding is much lower; 6% in herring (Rosenthal and Hempel
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1970),10% in northern anchovy (Hunter 1972) and 170/0 in American shad (Alosa
sapidissima) (Ross and Backman 1992), all of which increased with growth and
development.
It does nol seem unreasonable that a larva's ability to locate and capture a prey
increases with both morphological development and experience. Miller et al. (1992)
observed dramatic improvements in foraging abilities ofhlIval alewife (Alosa
pseudoharengus), yellow perch (Percajlavescens), and bloater (Corigonus hoy,) as they
grew. Browman and O'Brien (l992b) showed similar results in white crappie larvae as the
proportion of aborted attacks decreased with fish size. In my StUdy, cod larvae reared at
2000 and 4000 prey L-l demonstrated similar improvements in foraging capabilities (i.e.
attack success) with age. lncreases in gut fullness and standard length reflect this foraging
In larval cod it appears that the development of efficient foraging behaviour is
closely associated with the devel.opment ofstruetures. Slciftesvik (1992) showed that
unfed cod larvae reduce swimming after seven days post hatch whereas fed cod larvae
became more active which she correlated with the better morphological development of
fed cod larvae. Yin and Blaxter (1987) showed that the myotome heighl of starved cod
larvae was reduced after day 10 post-hatch and the larvae did not grow in length. Little or
no growth observed in poorly fed larvae often results in impaired development of the
sensory system and the deterioration ofbody tissue (musculature and liver), which can
hinder locomotor capabilities. EUertsen et al. (1980) have shown that under poor feeding
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conditions., the foraging behaviour of larval cod can become less efficient. l...aurence
(19n) in his studies on largemouth bass (Micropterus salmoides) larvae, showed that fed
larvae were always more active than unfed larvae. He correlated this to the development
offins., muscle mass. and increased body length which improved the larva's
rnanoeuverability. attack: speed and swimming: behaviour. Altogether these features would
be expected to playa role in improving foraging behaviour in the larvae. Conversely.
under sub-optimal foraging conditions. starvation can seriously hinder larval growth and in
tum the development of associated behaviours. The small traces of prey observed in the
guts of cod larvae reared in lower prey concentrations during week two of my experiment
suggests a poor nutritional environment which resulted in weaker larvae that quickly
approached the point of starvation. As a result of this deteriorating condition, a decline in
foraging behaviour was observed.
Kjorsvik et aI. (1991) studied the early development of me digestive tract in larval
cod. as well as some of the consequences associated with swvation and their effect on
larval morphology. They observed that starved larvae showed a gut morphology markedly
different from feeding larvae. Starvation induced cellular degeneration, shrunken epithelial
ceUs and reduced microvilli, as weD as liver and pancreas degeneration. Periods of
starvation were reported to cause irreversible damage to the gut, which ultimately reduced
digestive and absorptive efficiencies. These results suggest that the early effects of
starvation may still allow the larvae to consume prey, but digestion would be inefficient.
This may explain the presence of small amounts of food in the guts of the dead larvae
60
reared in [ower- prey concentrations. In comparison, under optimal feeding conditions,
Kjorsvik et at (1991) reponed an increased ability of the gut to absorb lipids and proteins.
Therefore, the better growth observed in larval cod reared at higher prey coocentrations
(2000 and 4000 prey L·l ) may reflect an inaeased ability ofthe gut of these larvae to
absorb such food nutrients.
It is Dot possible to extend the absolute changes in survival caused by increased
prey concentrations to the field especially due to the absence of predation pressure on the
larvae in rearing conditions. In nature, combined effects of foraging conditions, predation
pressure and abiotic factors that affect the development and behaviour of the fish larvae
would result in an increase or decrease in survival rates. But field evidence sllggests that
larval fish are not prone to starvation mortality (Theilacker 1986). Most fieJd studies
report very low prey concentrations relative to that reponed in the laboratory studies.
Frank &. LeR:...,gett (1986) and Frank (1988) suggested thai this disagreement may be panly
due to inadequate sampling procedures. On a large scale, prey in tbe field may be low.
Prey in the ocean usually occur in patches and prey concentrations in these patches are
reponed to be substantial in order to sustain reasonable growth and survival (Lasker
1978). Prey concentrations in these patches may exceed or at least be on par with the prey
concentrations reported in laboratory studies. Lasker (1978) also reported that larval
anchovy spend more time in these patches. Most sampling procedures are inadequate to
measure the prey concentration in the patches. Field sampling ofzooplanktol1 usually
involves a larger spatial scale and the dragging of the sampling gear through these patches
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disturbs the heterogeneity of the peey. Also, it bas been pointed out tbat most of the early
1arva1 stages of various fish species prey upon smaller prey items oflcss than 200 Jim
(Houde 1973). and the field sampling rarely rcWns this size range ofzooplankton
(Laurence 1977).
In my experiment J used rotifcn; and Artemia naupilii as prey which are not he
natural prey of larval cod. In nature, larval cod primarily feed on copcpod naupiUi (Last
1978). Studies have shown that copepod naupilli are evasive prey (Shuvayev 1978)
whereas rotifcn; and Anemia naupilli are limited escape responses (Drost 1987). Thus, it
make difficult to extend the finding of my experiment to wild but still my results would
contribute substantially to the understanding offoraging behaviour of larval cod.
In conclusion, it is evident that foraging behaviour oflarval cod is influenced by
the fo~g environment. At high prey concentrations. frequencies of the foraging MAP's
were higher from carty in the developmental stage thus, larvae had the ability to feed more
than larvae reared in lower prey concentrations. Although the frequencies offoraging
MAP's were higher for larvae reared in higher prey conct:rltrations, development of
foraging behaviour was not influenced by prey concentrations. Lesser swimming activities
and higher feeding incidences of the larvae reared in high prey concentration enabled them
to grow and develop quickly thus shortening the critical period and increasing their overall
potential for survival.
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CbJipte..- Four. Effect or prey CODceDtration 00 ro....giog activity, growth aod
survival of Atlantic. cod larvae rand in laboratory coaditioDs.
lnln)duetiOd
Studies on the growth and survival offish larvae are important for both
aquaculture and the larval fish ecology as larval stage is characterized by high mortality.
Under natural conditions the primary sources of mortality are starvation and predation
(Hunter 1972). Under larviculture conditions. problems with stan·feeding are the major
source ofmortality. During stan·feeding the concentration, type and size ofprey are
important factors affecting both growth and survival in larval fish (MMgulies 1993).
Inadequate or inappropriate prey organisms in the vicinity of the 1arvae usually result in
lower growth rates, poor condition and consequently high mortalities (Werner and 81axter
1980. Tsai 1991, Cushing and Horwood 1994, Welker et al. 1994)
Atlantic cod (Gadus morhua) is an important commercial species in the north
Atlantic in both wild fisheries and aquaculrure (Tilseth 1990). Despite a tremendous
amount of research that has been done on cod larvae. no published data are available on
the effects ofdifferent prey concentrations on larval growth and survival, especially with
respect to intensive rearing systems. Munk (1995) observed larval cod foraging behaviour
under different prey levels but his experimenu were carried out for only five days on
selected stages of larval cod. His study was not designed to provide information on the
effect of prey concentration on the growth or survival of cod larvae. Other studies have
examined the effect of availa;ble prey type and concentration on growth and survival of
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larval cod but in these studies the prey concentration varied throughout the experiment
(Kvenseth and 0iestad 1984, 810m et a1. 1991, Oterri 1993, van der- Meeren and NCliss
1993). Moreover. these studies did DOt address the effect ofa range of prey
conceutralions on larval growth and survival.
In my earlier study on effect ofprey concentrations on the foraging behaviour of
Atlantic larval cod (Chapter 3), results showed that foraging. growth and survival
increased with increasing prey concentrations and did not show a plateau at higher prey
concentrations. This indicates that optimal prey concentration for rearing oflarvaI cod in
the laboratory may be higher than 4000 prey L- l . Funhermore, in that study [ did not
monitor the mortalities and reported only the ultimate survival of the larval cod at the end
ofthe experiment. Other studies indicate that mortalities are high during the first feeding
larval stage (Tucker 1992).
The aim oflhis study was to determine the optimal prey concentration required to
rear cod larvae in intensive systems. [ included observations on the swimming and foraging
activity ofthe larvae., and delermined whether the differences in growth and survival of
cod larvae under the different prey concentrations were related 10 variations in their
foraging behaviour.
Materials aDd Methods.
Fenilized Atlantic cod eggs were collected from a narurally spawning captive
broodstock maintained at the Ocean Sciences Centre, Logy Bay. Newfoundland. Eggs
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were incubated at 8°C until hatch. When 500'10 of the eggs had hatched. 10 larvae were
sampled for morphometric measurements and this was taken as day zero (week 0) ofthe
experiment.
I used two, JOL rectangular glass aquaria per experimental treatment. All four
sides of the aquaria were covered by opaque black plastic. AU experimental aquaria were
kept in a thermoregulated water bath maintained at 8°C. The light level at the water
surface was 1200 lux (SPER Scientific light meter 840006) and a 24h period of light was
used. The light intensity and photoperiod were chosen from previous experiments carried
out in our lab.
Each experimental aquarium was supplied with filtered (down to I .urn using
particle filters), UV sterilized sea water at a rate ofsix L hr· l . Green algae (lsochrysis sp)
were added to the tanks (Tucker 1992). When nearly 100% of the larvae had hatched (day
1),1200 larvae (40 larvae LOI) were transferred to each of 14 experimental aquaria. Seven
prey concentrations were chosen. 250, 500, 1000,2000,4000,8000 and 16000 prey Lol .
Experimental prey concentrations were chosen from previous studies conducted in our
laboratory (Gotceites et at 1996, Chapter 3) and were comparable to those used in other
studies where larval cod were reared under laboratory conditions (Laurence et a1. 1981).
Enrich-eel mtirers (Brachiomis plicatilis) were used as prey from day three to day
19 post-hatch. A mixture of rotirers and Artemiafranciscal1a nauplii were used as prey
beyond day 20_ Larvae were fed three times per day. To maintain the desired prey
concentration within each experimental lank, a IO~20 mI water aliquot was sampled from
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each aquarium at different depths (just below surface, mid water columns, and just above
bottom) before each feeding. The number of prey items in each sample was counted and
prey concentrations were adjusted as needed. Each experimental aquarium was aerated
which ensured a homogeneous distribution of prey within each aquarium.
The experiment was stopped when most oflhe larvae (90-100%) in the high food
treatment and at least some larvae from the low food treatments (20-50%) were past
metamorphosis. Metamorphosis was defined in this study as when the continuous fin fold
disappeared and discrete fins were fonned.
Data coUection
Initially, 10 larvae were sampled from the egg incubation basket on day zero (week
0) and five larvae from each tank (10 per treatment) were arbitrarily chosen for
morphometric measurements every week over the duration of the experiment. Using a
dissecting microscope. standard length (nun), head depth (measured posterior to the eye).
eye diameter (along the body axis), and myotome height (posterior to the anus) were
measured.
Condition of the larvae was calculated using a relationship between two
morphometric measurements, the standard length (mm) and myotome height (mm)
(Koslow et al. 1985).
Condition index = myotome height I standard length (I)
Length-specific growth rates (SGR) of larvae were determined using the following
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relationship:
SGR-(In{l,)-In(l,,)/I) x \00 (2)
Where I.,; is the mean 6nallength (nun), r." is the mean initial length (nun), and t is the
duration between initial and final sampling (days) (Bucldeyet aI. 1987, Cowan and Houde
1990).
Morta1ities were removed twice a day from each experimental aquarium from day
IS. Instantaneous mortality rates were calculated from the foUowing model:
Z - (In(NJ -In(No))/ t)>c 100 (3)
Where Z '" lnstantaneous mortality rate (d·' ), N, is the number of larvae alive at time I, No
is the number oflarvae alive at time 0 and t is the duration in days (Cowan and Houde
1990). At the end of the experiment, the number of surviving larvae in each treatment was
recorded.
Behavioural ob~tionswere conducted twice a week from day two post-hatch
until day 40 post-hatch. The focal animal technique (Altman 1974) was used to observe an
arbitrarily selected larva for a one minute interval. Thi5 was done for a total often larvae
from each tank (20 per treatment). During each observation period, I recorded the
occurrence ofsix Modal Action Patterns - M...4J>'s (See Table 3.1; Barlow 1977).
Occurrence of any of the six MAP's was recorded using an event recorder. The
frequencies of miss and capture were pooled to create the variable 'attack' which was then
used to calculate the capture success and attack rate (See Chapter 3) using the foUowing
relationship:
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Capture success= (frequency ofcapture / frequency ofattack)*} 00 (4)
Attack rate = (frequency ofattack / frequency of orientation)*} 00 (5)
Data analysis
Prior to analysis, normality was tested by using the Kolomogorov-Smimov statistic
(SAS 1988) and plots of residuals and predicted values were examined. The effect of prey
concentration and age on standard length., condition index., survival, specific mortality rate
(Z) and length-specific growth rate (SGR) were analysed by two-way analysis of variance
(p .s 0.05). Condition index: data were log transformed (SAS 1988) to satisfy the normality
requirements of ANOVA. The Tukey test or multiple t-tests were used for subsequent
comparison among different prey concentrations for each week. Results from multiple t·
tests for survival were compared with p--values corrected for the number of prey
treatments and sampling dates (Bonferoni method, p .s 0.05/(6x2).s 0.0042).
The behavioural data could not be normalized by any available transformation
methods. However, according to the central limit theorem, normality can be relaxed in
cases where sample size is large (in my case n""1400; Jolmson and Wichren 1992). The
effect of prey concentration and age on swinuning and all foraging variables were analysed
by two-way ANOVA (SAS 1988; Ps.O.OS). When significant results were obtained,.
Tukcy's studentized (HST) test was used to determine which means differed.
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Results
Growth (standard length) of the cod larvae was significantly influenced by prey
concentration. Effects of prey concentration and age on standard length of cod larvae
were significant (Table 4.1). Larvae reared under low prey concentrations (250.2000 prey
L-t ) were significantly smaller than the larvae reared at 4000-16000 prey V (Fig. 4.la).
No significant difference was found between the Ireatments in larval standard length until
week two except for 250 and 500 prey L- t treatments in which larvae were significantly
smaller from week one till the end of the experiment. From week two to the end of the
experiment, larvae reared in 4000-16000 prey V were significantly larger than the larvae
reared in all lower prey concentrations (Table 4.2). Prey concentration and age had a
significant influence on the length.specific growth rale oflarval cod (Table 4.1). Except
for week three. larvae reared in 4000-16000 prey L- t had higher length-specific growth
rates than larvae reared in other prey concentrations (Fig. 4.lb).
Prey concentration and age had a significant effect on the condition of the cod
larvae (Table 4.1). Larval cod reared at 4000 prey L·1 were in better condition than larvae
reared at all olher prey concentrations Fig. 4.2a). Condition of cod larvae reared at 4000
L- t increased from the Slart ofthe experiment to the end while larvae from the other prey
treatments showed lower condition index than they had at halch until week three (Fig.
4.2a). From week four onwards larvae reared in 4000 prey L· t had significantly higher
condition index than larvae reared in lower (1000 and 2000 prey L-t ) prey concentrations
(Table 4.3)
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Instantaneous monaIity rates (Z) were significantly influenced by prey
concentration and age (Table 4.1). Z was significantly higher in lower prey concentrations
(500-2000 prey V) in week two and week three compared to all three higher prey
concentrations. Beyond four weeks, no significant difference was found in Z among the
treatments (Table 4.4 and Fig. 4.2b). Both prey concentration and age had a significant
effect on the survival oflarval cod (Table 4.1). A significantly higher percentage oflarvae
survived when reared at 4000-16000 prey V than when reared at 500-2000 prey
L- t at week two (F=67.72. dF5. p<O.OOOI) and week six (F==42.33, df=4, p<O.OO05).
Survival among higher prey concentrations (4000-16000) or among lower prey
concentrations (500- 2000) were not significantly different at week two and six (Table
4.5). Although. suiVlval among the three higher prey concentrations were similar at week
two, the percentage of cod larvae surviving at week six was higher in 4000 prey L·1
followed by 8000 and 16000 prey L-1 (Fig. 4.3). Larvae reared in 250 and 500 prey L· t
survived only to the end of week two (11 days) and four (24 days) respectively.
Prey concentration and age had a significant influence on swimming
duration, orientation, attack, and capture oflarval cod (Table 4.6). In week one there was
no difference in any of these behaviours among the larvae reared in different prey
concentrations (Fig. 4.4a, 4.4b. 4.5a and 4.5b). From week two, larvae reared in 4000-
16000 prey L- t swam less than larvae reared at lower prey (500-2000) concentrations. In
week two, larvae in 250 prey L-1 swam less than the larvae in other treatments (Fig. 4.4a).
Larvae reared under 4000-8000 prey L-1 oriented to more prey than larvae reared in 250-
70
2000 prey L-l . Among the low prey concentrations. larvae reared at 2000 prey L· l
experienced more prey encounters than larvae from other low prey concentrations (25()"
1000 prey L-l ). Differences in prey encounters between larvae reared in higher prey
concentrations and 2000 prey L-l disappeared from week: five onwards (Fig. 4.4b).The
attack rates were higher in larvae reared in 25()..2000 prey L· l than in the higher prey
concentrations from week: twO to week: four and were similar among all the treatments at
week five and six (Fig 4.5a). Although the attack rates were higher in larvae reared at
lower prey concentrations, larvae reared in higher prey concentrations showed
significantly higher capture success than larvae from lower prey concentrations. From
week four onwards larvae from 2000 prey L· l showed a similar capture success as the
larvae from higher prey treaunents (Fig. 4.5b).
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Table 4.1 Results ofa two-way ANOVA (age and prey concentration) on standard length,
SGR, condition, mortality rate (Z) and survival oflarval cod at different prey
concentrations. Significance at 0.05 level.
Variable df F-value Pr. >F
Standaul Model 33 223.88 0.0001
length Erro' 306
Age 1208.30 0.0001
Concentration 50.64 0.0001
Age" Concentration 22 4.49 0.0001
SGR Model 33 6.16 0.0001
Erro' 306
Age 21.88 0.0001
Concentration 5.41 0.0001
Age x Concentration 22 ·234 0.0001
Condition Model 33 122.72 0.0001
Erro' 306
Age 642.14 0.0001
Concentration 29.01 0.0001
Age x Concentration 22 2.10 0.0031
Mortality Model 26 95.56 0.0001
Err", 27
Age 4 91.30 0.0001
Concentration 5 327.71 0.0001
Age x Concentration 17 18.21 0.0001
Survival ModeL 10 50.54 0.0001
Error 11
Age 97.37 0.0001
Concentration 20.71 0.0008
Age x Concentration 3.34 0.0508
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Fig 4.1. Change in mean (± se) a) standard length and,
b) length-specific growth rates (SGR), of Atlantic cod
larvae reared at different prey concentrations. N =10
larvae per week.
73
Table 4.2 Results of the Tukey analysis comparing standard length (mm) of cod larvae
reared under different prey concentrations from week one to week six: post-hatch. Values
are the differences in mean standard length between two treatment comparisons.
• - indicates significance at 0.05 level.
Treatment Age (weeks)
comparisons 3 4
16000-8000 -0.04 0.012 0.148 0.166 0.017 0.222
16000-4000 -0.148 0.053 -0.041 -0.071 -0.5 0.029
16000-2000 0.011 0.571' 0.7' 0.959* 1.334' 1.666'
16000-1000 0.19 0.746' 0.737' 1.312* 1.494' 2.305'
16000-500 0.283 0.97' 1.031'
16000-250 0.313'
8000-4000 -0.108 -0.065 -0.189 -0.237 -0.517 -0.193
8000-2000 0.051 0.559' 0.552' 0.793' 1.317' 1.444'
8000-1000 0.23 0.734* 0.589' 1.146' 1.477' 2.083'
8000-500 0.323' 0.958' 0.883'
8000-250 0.353*
4000-2000 0.159 0.624' 0.741' 1.03' 1.834' 1.637'
4000-1000 0.338' 0.799* 0.778* 1.383* 1.994' 2.276'
4000-500 0.431' 1.023' 1.072*
4000-250 0.461'
2000-1000 0.179 0.175 0.037 0.353 0.16 0.639
2000-500 0.272 0.399 0.331
2000-250 0.302
1000-500 0.093 0.224 0.294
1000-250 0.123
500-250 0.03
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Fig 4.2. Change in mean (± sa) a) condition index and b) instantaneous
mortality rates (Z) of Atlantic cod larvae reared at different prey
concentrations. N = 10 larvae per week..
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Table 4.3 Results of the Tukey analysis comparing the condition index ofcod larvae
reared under diff~t prey concenbations fiom week one to week six post-hatch. Values
are the diffc:reoces in mean condition index between two rreaunent comparisons.
- - indicates significance at 0.05 level.
T=ttnont Age (weeks)
comparisons 3 4
16000-8000 ...(l.0104 0.005 ...(l.0018 0.0035 -<).009 -<).0022
16000-400O ...(l.031 ...(l.0198 0.0015 -0.0263 -0.052- ...(l.0077
16000-2000 -0.0054 0.0091 0.0361 0.0479- 0.043 0.0227
16000-1000 0.0057 0.0284 0.0304 0.074- 0.0674- 0.0697-
16000-500 0.0256 0.0229 0.0667-
16000-250 0.0526"'
8000-4000 -0.0206 -0.0248 0.0033 -0.0298 -0.0426 -0.0055
8000-2000 0.005 0.0041 0.0379 0.0444 0.052- 0.0249
8000-1000 0.0161 0.0234 0.0322 0.0705- 0.0764- 0.0719-
80D0-500 0.036 0.0179 0.0685-
8000-250 0.063-
4000-2000 0.0256 0.0289 0.0346 0.0742- 0.0946- 0.0304
4000-1000 0.0367 0.0482- 0.0289 0.1003- 0.119- 0.0714-
4000-500 0.0566- 0.0427 0.0652-
40D0-250 0.0836·
20D0-1ooo 0.011 t 0.0193 -0.0057 0.0261 0.0244 0.047
2000-500 0.031 0.0138 0.0306
2000-250 0.058-
1000-500 0.0199 -0.0055 0.0363
1000-250 0.0469
500-250 0.027
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Table 4.4 Results of the Tukey analysis comparing the instantaneous mortality rates of
larval cod reared under different prey concentrations from week two to week six post-
hatch. Values are the differences in mean instanlaneous mortality rates between two
treatment comparisons. '" - indicates significance at 0.05 level.
Treatment Age (weeks)
comparisons 3
16000-8000 0.393 -0.521 -1.73 -1.OS -0.527
l600Q....4000 0.21 -0.504 -3.152 -1.916 -0.696
16000-2000 12.02'" 4.892 -2.569 -0.791 1.401
16000-1000 B.8S'" 9.2'" -2.654 -0.]06 -0.452
16OQO..SOO B.49S'" B.986'"
8000-4000 -0.183 0.Qi7 -1.422 -0.866 -0.169
8000-2000 11.627'" 5.413 -0.839 0.259 1.928
8000-1000 13.455'" 9.721'" ...Q.924 0.744 0.07S
8000-500 13.102'" 14.507'"
4000-2000 11.81'" 5.396 0.583 1.125 2.097
4000-1000 13.638'" 9.704'" 0.498 1.61 0.244
4000-500 13.285'" 14.49'"
2000-1000 1.828 4.308 ...Q.08s 0.485 -1.853
2000-500 0.475 9.094'"
1000-500 -0.353 4.786
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Table 4.5 Results ofleast-square means analysis, t-values (p-value in parentheses)
comparing the survival (%) ofcod larvae from different prey treatments at week two
and six. * • indicates significance at 0.0042 level.
Treatment Age (weeks post-hatch)
comparisons
16000-8000 0.64 (0.5447) -1.77(0.1362)
16000-400O 0.35 (0.7353) -3.73 (0.0135)
16OO()..2000 10.54 (0.0001)* 5.96 (0.00 19)*
16000-1000 11,19 (0.0001)* 6.44 (0.0013)*
16OO()..500 IUO (0.0001)*
8000-4000 -0.29(0.7833) -1.96(0.1073)
8()OO..2000 9.90 (0.0001)* 7.74 (0.0006)*
8()OO..IOOO 10.54 (0.0001)* 8.21 (0.0004)*
8000-500 10.45 (0.0000-
4()OO..2oo0 10.19 (0.0000- 9.69 (0.0002)"
4000-1000 10.83 (0.0000- 10.18 (0.0002)*
4000-500 10.74 (0.0001)*
2000-1000 0.64 (0.5430) 0.48 (0.6528)
2000-500 0.55 (0.5996)
1000-500 -0.09 (0.9308)
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Fig 4.3: Percentage of Atlantic cod larvae surviving at week two and week six
post-hatch at prey concentrations of 500-16000 prey L-1.
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Table 4.6 Results ofa two-way ANQYA (age and prey concentration) on swimming and
foraging MAP's of larval cod at different prey concentrations. Significance at 0.05 level.
Variable df F-value Pro >F
Swim Model 35 18.44 0.0001
Error \364
Ago 5 79.20 0.0001
Concentration 19.44 0.0001
Age x Concentration 2. 2.93 0.0001
Orient Model 35 76.28 0.0001
Error \364
Ago 209.0 0.0001
Concentration 136.0 0.0001
Age x Concentration 2. 11.82 0.0001
Capture Model 35 49.44 0.0001
Erroc 1364
Ago 175.34 0.0001
Concentration 61.57 0.0001
Age x Concentration 2. 4.14 0.0001
Attack Model 35 23.07 0.0001
Error 1364
Ago 5 74.2 0.0001
Concentration 6 23.37 0.0001
Age x Concentration 2. 7.33 0.0006
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Fig 4.4. Change in mean (t sa) a) swimming duration, and b) number of
orient of Atlantic cod larvae reared at different prey concentrations.
N =40 larvae per week.
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Fig 4.5. Change in mean (± se) a) attack rates, and b) capture success of Atlantic
cod larvae reared at different prey concentrations. N =40 larvae per week.
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Discussion
In the earlier study with larval cod (Chapter 3), over the range ofthe prey densities
(0-4000 prey LOI) used, I did not find the upper threshold of prey concentration which
resulted in the best growth and survival. In that study, larval growth and survival increased
with increasing prey concentration and no plateau was observed. In the present study,
larval growth and survival increased from 250 to 4000 prey L-I and did not significantly
increase at 8000 and 16000 prey L· l . Although there was no difference in growth among
larvae reared at higher prey treaunents, survival of the larvae was highest at 4000 prey L- l
at the end of the experiment. The prey concentration required for maximum growth and
survival orlarval cod fell within the range of prey concentrations r used. These results
suggest the optimal prey concentration for rearing larval cod under intensive systems
would be in the range of4000 prey L- l at a stocking density of40 larvae L- l .
Failure to survive beyond three weeks in low prey concentration at a relatively
high stocking density (40 larvae L-l ), suggests the importance of adequate prey in the
surrounding environment during first feeding. The failure to initiate sufficient feeding
before the yolk is exhausted is one of the important factors causing monaJities in fish
larvae (Blaxter 1986). In cod larvae, the yolk becomes exhausted between 10 -12 days
post-hatch at 6°C (Ellertsen et at. 1981). In the 250 prey L- I treatment, larvae survived
omy 11 days at goC suggesting that failure to initiate sufficient feeding could be a reason
leading to mass mortality. Though small traces offood were observed in larval stomachs
at low prey concentrations, my results suggest this was not sufficient to meet the energetic
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demands of the larvae or to prevent larvae from starVing. During my experiment. larvae
reared in lower prey concentrations experienced high mortalities after yolle. absorption. I
suggest the failure to initiate sufficient first feeding may be due to insufficient prey
surrounding the larvae in the 250 and 500 prey L-' treatments. Buckley (1979), using
biochemical indicators of growth (RNA-DNA ratios) to study the effect of prey density on
growth oflarval cod, found that larvae reared below 1000 prey L- l showed all the
symptoms of itarvation while larvae reared at 1000 prey L-l showed an increase in RNA
and DNA content. My resulu also suppon this as larvae reared below 1000 prey L-t did
not survive to metaInOfllhosis and likely died of starvation. Buckley did not include prey
concentrations higher than 1000 prey L-t in his study, but my results suggest the minimum
threshold prey concentration for the survival of larval cod is 1000 prey L"t and the
optimum is 4000 prey L-1_
The use of morphological indicators of condition has been criticized (Hay 1981,
McGurk 1985), especially for preserved larval specimens_ Preservation oflarvae usually
results in shrinkage and/or damage that complicates the usage of mOfllhological condition
inllices. However, in my study, aU measurements were made on live anaesthetized larvae.
Koslow et aL (1985) used several mOfllhological indices ofwild caught cod larvae and
found that the relationship between body height at the anus (myotome height) to length
was the most sensitive to environmental conditions, including prey concentration_ Using
this relationship, my results showed that the condition oflarval cod was significantly better
for larvae reared at higher prey concentrations, The [ower condition oflarvae reared at
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250-500 prey L-' indicates the larvae experience a poor feeding situation aDd did not
recover-before all the larvae died of starvation. Similarly, Ym and Blaxter- (1986) also
found tha1 for starving cod larvae" the body depth decreased in spite of an increase in body
'- My study showed that the growth rate oftOOse larvae reared in lower prey
concentration was much lower than the larvae reared in high prey concentrations. Similar
results have been reported for Olher- species (Houde 1978. Dowd and Houde 1980,
Werner and Blaxter 1980, Welker et a1. 1994). I found that larvae reared in 2000 prey L· l
showed lower growth rates at the start, but by week three. these larvae achieved growth
rates similar to those larvae reared in 4000 prey Lo l . This result may be due to the fact that
only a small fraction of larvae are successful in capturing a prey al first feeding in low prey
concentrations and as they grow the surviving larvae may have similar success in capturing
prey as the larvae in higher prey concentrations. A closer look at the foraging data
confinns this as 40-50'''" of the larvae observed in the 2000 prey L-' treatment failed to
capture a prey successful.ly from day five to day 19 while only 0-10% of the larvae reared
in 4000 prey L-l failed to capture a prey successfully during the same period. Beyond day
19, larvae reared in 2000 and 4000 prey L- l had a similar capture success. High prey
concentrations are often required at the time offirst feeding to achieve better growth and
survival and late larval stages may grow better at lower- prey concentration (Hunter 1912).
Initially. the larvae have limited experience in accurately aiming at prey and morphological
structures, such as the mouth, are not well developed (Blaxter 1986). As the larvae grow,
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they get more experience in capturing prey and the associated muscle development
sustains more swimming. This enables larvae to eocounter and succcssfuUy capture more
prey, even at low prey concentrations. Apan from lhis, the prey to predatoc ratio may also
have contributed to the similar growth rates between 2000 and 4000 prey e l by wedc
three. During the first two weeks of first feeding, larvae reared in 2000 prey e l bad higher
mortalities compared to larvae reared in higher" prey concentrations. Due to this higher
mortalities. the prey to predator ratio in 2000 prey L" had become comparable or even
higher than in 4000 prey Lo l •
A small increase in the body size of the larvae may increase feeding perfonnance to
a large extent (Miller et al. 1992, Gill and Hart 1996). Gill and Hart (1996) in their studies
with three-spined stickleback (Gasteroslcusaculeal/ls) have shown that 7 and 12%
increase in body size for a 40 nun fish significantly increased the number and size of the
prey captured_ They attributed the change in capture to an increase in jaw length (gape)
and greater stomach capacity. In my study, larvae reared at 4000-16000 prey L-' were 6.6-
18.~.4 larger than the larvae reared at 1000 and 2000 prey L-' at a given age. This
difference in size provided an advantage for these larvae compared to larvae reared at
lower prey concentrations and increased their capture success with a given prey size.
Larvae reared at Jow prey concentrations (500-2000 prey L") swam more
compared to larvae reared at the higher prey concentrations. This decreased swimming
activity at higher prey concentrations may be due to an increased probability of encounter
with the prey. Munk (1995) also found increased swimming activity with lower prey
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concentrations in his experiments with cod larvae. In their experiment on the feeding
behaviour and swimming oflarval herring in relation to prey concentration, Munk and
KWrboe (1985) found herring larvae reared in lower prey levels displayed about a 100%
higher swimming activity than larvae reared at higher prey concentrations. Higher
swimming activity is energetically costly to fish larvae (Munk and Kierboe 1986), such
that larvae reared at high prey levels can invest more energy toward growth while larvae
reared in low food levels may have to spend more energy in e>ttended periods of
swimming to find sufficient prey to survive. Therefore a trade·offbetween energy for
swimming or growth, at lower prey levels could be an important factor governing growth
and survival oflarvae under these conditions.
It has been observed that, if larval fish do not successfully initiate and maintain
feeding behaviour by a critical point in time (point of no retum.PNR) after yolk
absorption, then swimming, foraging and survival will be reduced (Laurence 1972, 1978,
Blaxtcr 1980, Elleruen et al. 1980). In my experiment, the larvae reared at 250 prey L·1
showed a remarkable reduction in swinuning activity following the first week. suggesting
that larvae reared at 250 prey L- l were unable either to initiate or to maintain sufficient
feeding. This reduction may be a strategy employed by fish larvae to conserve energy,
perhaps delaying the time to irreversible starvation, or may be due to their weakened
condition. Regardless, if they do not find enough food to sustain their DOnna! activities
and growth before they reach PNR, the larvae are subjected to starvation mortality.
All the foraging MAP's of larva! cod varied with age and prey concentration. A
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lower number" oforientations. higher attack: rates and lower capture success in larvae
reared at lowo- prey concentrations (~2000 prey LOI) indicated that these larvae tried to
attack: any prey encountered. However larvae reared at higher prey concentrations (2:4000
prey L- l ) displayed lower attack rates but a higher capture success. This suggests that
larvae reared at higher prey concentrations attack only the prey that could be successfully
captured andlOT are more profitable. Higher capture success at later stages in larvae reared
at low prey concentrations show larvae gained more experience in aiming and capturing
the prey. It could have been achieved by the larvae through bener ffillnOalvring of prey.
increased mouth gape andIorieaming (Blaxter 1986, Drost 1987, Miller et aI 1992) .
Mortality rates ofcod larvae in my study were higher in lower prey concentrations
while mortalities of larvae reared in higher prey concentrations were lower during the first
three weeks. At [ow prey concentrations because prey had to be shared among more
larvae during the first weeks of first feeding, larvae grow slowly which increased the
length of the critical period. Buckley et al. (1987) studied the mortality oflarvae of three
marine fish species and found the mortality rates were higher at low prey concentrations
and approached an asymptote as prey concentrations increased. Cushing and Horwood
(1994) suggested that monality in larval fishes through predation and other natural causes
would be greater the longer it takes to achieve metamorphosis. They also showed that
larvae at sub-optimal prey levels take longer to metamorphose (if at all), while larvae
above the optimal prey levels pass the metamorphosis stage very early. In my study. cod
larvae reared above 4000 prey Lot metamorphosed at least one week earlier than larvae
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reared at concentrations lower than 4000 prey L-1
Mortalities among the three high prey treatments were similar until I started to use
Artemia nauplii as prey. Within a few days of adding Artemia nauplii. larvae reared at prey
concentrations higher than 4000 prey L-1 showed increased mortalities, especially at 16000
prey L· t treatments. I did not measure the nitrogen metabolites in the rearing tanks, yet
several studies have found that excessive use ofArtemia naupLii usually results in fouling
stress in fish and shrimp larvae (Houde 1975, Gopalakrishnan 1976, Katavic 1986, Van
derWai and Nell 1986). Leger et a1. (1986) in their review on the use ofArtemia as a
food source for larval sluimp and fish, cautioned that the excessive use ofArlemia in
rearing systems may cause fouling of the system and health hazards. Katavic (1986),
noticed the involvement ofArremia on the mass mortality of sea bass (DicenrrarcJrus
labrax) larvae fonowing the switch from rotifers to Artemia
Results of my experiment also showed that during the first 2 weeks post-hatch
survival of larval cod ranged from 5-25% depends on the prey concentration. It implies
that while 200~ of larval mortality could be explained by prey concentration other 800~
should be explained by something other than prey concentration. Similar results were
reported for larval cod in mesocosm studies (Ellertsen et al. 1981, Blom et al. 1994) and
in laboratory (Gotceitas et al. 1996) where larval mortalities reached 80-90% after 2
weeks post-hatch. Studies have shown that growth and survival larval fish also depends on
the quality of the eggs (Chambers and Waiwood 1996). Quality of the eggs usually
depends on the condition ofthe parents (especially female) during the spawning season
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(Chambers and Waiwood 1996).~ environmental variables such as light can also
affect the survival during the first feeding (Chapter 5). Results from the light intensity
experiments (Chapter 5) showed that at 2400 lux light intensity about 55% ofcod larvae
reared (m prey concentration experiments light intensity was 1200 lux) survived after 2
weeks post-hatch. Thus it is possible that the remaining 80% ofthe mortality could be
eJq>lained by the maternal effect on larval quality and other environmental variables such
as Light intensity.
The prey concentrations that have been most successful for rearing of larvae in
intensive culture systems are usually greater than that found in nature (Goshom and
Epifanio 1991, Gotceites et a1. 1996). In nature., larval densities are much lower than the
densities of prey (Cushing 1983, Fossum and Ellertsen 1994, McLaren and Avendano
1995) thus leading to a much higher prey-predator ratio than I used in my study. Some
mesocosm studies have shown that cod larvae can be successfully reared at prey
concentrations similar to those reported from nature (Kvenseth and 0iestad 1984, Blom et
al. 1991, Oterri 1993, van der Meeren and Nzss 1993). Nevertheless. in those studies. the
prey- predator ratio was higher than 1used in my present study. Oteni (1993) in his
experiment on larval cod in large plastic enclosures found high survival during the first
month but lower growth rates and increased mortality following week four. The author
related this to the presencc of insufficient food at relativdy !!igh 1arvaI stocking densities.
Houde (1975) showed that prey to larval ratio play an important role in the growth and
survival of sea bream (Archosargus rhomboidolis) larvae. Sea bream larvae reared at low
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prey concentration produced significant survival only at low larval densities while high
prey concentrations produced better growth and survival at low and high larval densities.
Results from these studies and mine indicate that the combination of prey concentration
and larval density could significantly influence the growth and survival of the cod larvae.
In conclusion, my results showed that the foraging, growth,. condition and survival
ofIarval cod is influenced by prey concentration. Above 1000 prey L-l.larval cod feed
sufficiently to sustain reasonable growth and survival. The optimal prey concentration for
rearing larval cod was found to be 4000 prey L-1. This optimal prey concentration provides
the opportunity to forage efficiently and grow faster. This shortens the 'critical' larval
period and increases their potential for survival. My results also suggest that prey
concentration may be reduced for the later stages of lwval cod. Economically, a reduction
in the length of operation through fast growth and reduced use of live food would be
beneficial for aquaculture practices.
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Chapter Five: Foraging, growth and survival of Atlantic cod larvae at different light
intensities and pbotoperiods: a laboratory evaluation.
Introduction
Studies have shown that most marine fish larvae are visual feeders (Blaxter and
Staines 1970, Hunter \98\, Blaxter 1986). Blaxter and Staines (1970) reported a pure
cone retina during first feeding in many fish species. Thus., first feeding larval fish require a
"'threshold" light intensity to initiate feeding (Blaxter \986). For most marine fish larvae,
this threshold has been suggested as 0.1 lux. Feeding incidence increases with increasing
light intensities and the light intensity for efficient foraging varies with fish species (Blaxter
1986). During development, rods appear in the retina of the eye and the single cone retina
gradually transforms into a duplex retina. Development of a duplex retina has been seen as
an adaptation to changing habitats and light envirorunents (Neave 1984).
Light plays an important role in the growth and survival of larval fish (Blaxter
1975, Batty 1987). Light can influence the behaviour offish, through its variation in
intensity, wavelength and polarization and diurnal and seasonal variation in photoperiod
(Munz 1975, McFarland 1986). The response of larval fish to a panicular characteristic of
light is species specific. In the cichlid Hap/ochramis burtani (Zeutzius and Rahmann
1984) and rainbow trout Sa/rna gairdneri (Rahmann et al. 1979), light deprivation in the
early larval stage affects the nonnal development of the eye and reduces visual acuity. In
contrast, halibut (Hippoglossus hippogJossus) yolk-sac larvae develop abnormally in the
presence of light (Bolla and Holmefjord 1988). It has also been shown that larvae of the
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same species from different populations exhibit differential responsiveness. My earlier
study on larval cod and light showed a differential effect oflight intensity on the growth
and survival of two populations of Atlantic cod (Gadus morhua) larvae (Chapter 2).
Atlantic cod is an important commercial species and has been considered as a
potential aquaculture species in the Atlantic region (Tilseth 1990). Its range extends from
the arctic seas to temperate oceans (Scott. and Scott 1988). Because of their wide
geographic range, larvae from different regions may be exposed to different envirorunental
conditions during their early life. Light conditions change with latitude in terms of intensity
and photoperiod which may affect larval growth and survival (Suthers and Sundby 1996).
Despite an impressive amount of research on the early life history of Atlantic cod larvae,
no investigations have been done on the effects of light on growth and survival. To date
studies have focused on the elfeet of light intensity either on the behaviour of starving
Atlantic cod larvae (Skiftesvik 1994), on the growth of yolk-sac larvae (Solberg and
Tilseth 1987), on the feeding incidence of the first feeding larval stage (Huse 1994) or on
the differential responsiveness oflarvae to varying light intensities from two populations
(Chapter 3). Although these studies provided some information on the effect oflight
intensity on the feeding and behaviour of cod larvae, the effect oflight intensity on growth
and survival for an extended period has not been explored.
Studies on the effects of photoperiod on larval growth and survival of various
species offish larvae have produced mixed results. In a continuous light regime, rabbitfish
(Siganus gllttarus) larvae (Duray and Kohno 1988) and gilhead sea bream (Sparus aurata)
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larvae (Tandler and Helps 1985) showed better growth and survival while sea bass
(Dicentrarchlls labrax) larvae (Barahona·Femades 1979) showed a reduced growth and
survival. Although some evidence exists from the field that cod larvae from higher
latitudes exposed to continuous light during the summer show better feeding and growth
than cod larvae from lower latitudes (pedersen et a1. 1989. Suthers and Sundby 1996), no
studies has been done on the effects of photoperiod on cod larval growth and survival.
Preliminary experiments on larvae from the Northeast Grand Bank in Ocean
Sciences Center (OSe). Memorial University ofNewfoundland. showed that higher light
intensity and extended photoperiods result in better growth and survival. I set up
laboratory experiments to study the effects of Light intensity and photoperiod on the
foraging. growth and survival oflarval cod from hatching to metamorphosis.
Material and methods
Fertilized eggs were collected from Northeastern Grand Bank broodstock
maintained at the OSC. Eggs were incubated at 6-8°C in a 250 L circular tank with water
flow and aeration. Light intensity in the incubation room was 300-400 lux. Dead eggs
were siphoned out daily. When nearly 100% of the eggs had hatched. 1200 larvae were
transferred to each of the experimental ranks and this was raken as day 0 of the
experiment. Both light intensity and photoperiod experiments were conducted
concurrently using larvae from the same batch.
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Light intensity experiment
Experiments were carried out in a temperature-controlled room maintained at Soc.
Water temperature in the experimental tanks was measured daily in the morning. Four
light intensities (300, 600, 1200 and 2400 lux) were chosen. Photoperiod was continuous.
These light intensities and photoperiod were chosen based on the results from my
preliminary experiments. The experimental tanks were 30 L rectangular glass aquaria (38
cm in depth) with two tanks per treatment. All sides of each aquarium were covered by
opaque black plastic. EitherlOO· or ISO-wan incandescent bulbs were used to produce
appropriate light intensity. Both type of bulbs produce a smooth continuous light spectrum
ranging from 400-700 om (General Electric (GE) company, 4400 Cox road, P.O. Box
4410, Glen Allen, VA., USA 23058-4410). Two 100-watt light bulbs were suspended over
each of the tanks at different heights to produce 300 (60 em from the surface water) and
600 lux (25 cm from the surface water) light intensity and two ISO-watt incandescent
bulbs were used to produce either 1200 lux (65 cm from the surface water) or 2400 lux
(30 cm from surface water). Light intensity inside the tanks was measured in lux using a
light meter (SPER Scientific light meter 840006) held just above the water surface.
Photoperiod experiment
Three photoperiods, 24L:OD (continuous light), t8L:6D (02.00-08.00 dark). and
I2L: I2D (20.00.08.00 dark), were chosen. Light intensity for this experiment was chosen
as 1200 lux. Data for continuous light treatment were obtained from light intensity
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experiments. Experiments were carried out either in a temperaturc-conlfOlled room
(cont.iooous light) or in two water baths (for 18L:6D and 12L:12D), all maintained at SOC.
Otherwise, all expc:rimenta1 conditions and procc:dures were similar for both experiments.
For both experiments. each experimental tank was supplied with filtered (I ~m
using particle61ters), UV-sterilized sea watet"at a nl.leofsix L hr'"1. GTeen algae
(/sochrysis sp) were added to the tanks (Tucker 1992). Enriched rotifers (Brachionus
p/icatilis) were used as prey from three to 19 days post-hatch (dph). A mixture ofrotifers
and AnemiafranciscoI/o nauplii (I: I) were used as prey beyond day 20. &perimental
prey concentration (4000 prey L·l ) was chosen from previous studies conducted in our
laboratory (Gotceites et a1. 1996, Chapter 3 and 4) and was comparable to those used in
other studies where larval cod were reared under laboratory conditions (Laurence et al.
1981). Larvae were fed three times per day (09.30, 13.30, and 21.30). To maintain the
desired prey concentration within each experimental tank, a 10-20 mI water aliquot was
sampled from each aquarium at different depths (just below surface, mid water columns,
and just above bottom) before each feeding. 1be number of prey items in each sample was
counted and prey concenuaIions were adjusted as needed. Each experimental aquarium
was aerated which ensured a homogenous distribution of prey within each aquarium.
The experiment was Slopped at 42 days POSt hatch (dph) when moSt of the larvae
(90-100%) in the high light intensity treatment and at least some larvae from the low light
treatments (20-30"/0) were past metamorphosis. Metamorphosis was defined in this study
as when the continuous fin fold disappeared and discrete fins were formed.
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Data collec:tion
lnitially. 10 larvae were sampled from the egg incubation tank on day 0 (week 0).
Subsequent samples were taken once a week (7.14•.. .42 dph.) and five larvae from each
tank (to per treatment) were arbitrarily chosen for morphometric measurements over the
duration of the experiment. Using a dissecting microscope, standard length (mm). head
depth (measured posterior to the eye). eye diameter (along the body axis), and myotome
height (posterior to the anus) were measured.
Condition ofthe larvae was calculated using a relationship between two
morphometric measurements., the standard length (mm) and myotome height (nun)
(Koslowet a1. 1985).
Condition index = myotome height I standard length (I)
Weight-specific growth rates (SGR) oflarvae were determined using the following
relationship·
SGR= (In(LJ-ln(L,,»/t) < 100 (2)
Where L, is the mean final dry weight (mg), 1.0 is the mean initial dry weight (mg), and t is
the duration between initial and final sampling (days) (Buckley et a1. 1987, Cowan and
Houde 1990). For both the light intensity and photoperiod experiments. SGR was
calculated for the time intervals of0 to 28 and 29 to 42 dph. Analysis ofmonality data
showed a decreasing trend in mortality rate as the larvae grew and significant differences
in mortality rates between the treatments disappeared after 28 dph. Thus I was interested
to determine ifany similar trends were shown in the SGR values before and after 28 dph.
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Mortalities were removed two or three times a day from each experimental tank
from day 15. Instantaneous mortality rates were calculated from fonowing model:
2 = (In(N.) ·1n(No» It)" 100 (3)
Where 2,. Instantaneous mortality rate (d· I ), N, is the number oflarvae alive at time t, No
is the number oflarvae alive at time 0 and t is the duration in days (Cowan and Houde
1990). At the end of the experiment, the number of surviving larvae in each treatment was
recorded.
Behavioural observations were done only for the light intensity experiment and
conducted twice a week from 2 dph unti141 dph. The focal animal tectmique (Altman
1974) was used to observe an arbitrarily selected larva for a one minute interval. This was
done for a total offive larvae from each tank (10 per treatment). During each observation
period, I recorded the occurrence of six Modal Action Patterns· MAP's; swim.
motionless, orient, capture success., miss., and pass (Barlow 1977, also see Chapter 3).
Occurrence of any of the six MAP's was recorded using an event recorder
Data analysis
The effect of light intensity or photoperiod and age on standard length, condition
index, survival, instantaneous mortality rate (2) and SGR were analysed by two·way
analysis of variance (p s 0.05). When data were not normal, appropriate transfonnations
were performed to satisfy the nonnality requirements of ANOVA. The Tukey test was
used for subsequent comparison among different prey concentrations for each week
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The effect of light intensity and age on swimming and all foraging variables were
analysed by twtrway ANOVA (SAS 1988; psO.05). None of the foraging variables were
found normal and were thus rank transformed. When significant results were obtained,
Tukey's studenrized (HSn test was used to determine which means differed.
Results
Light intensity experiment
Effects of light intensity and age on standard length of cod larvae were significant
(Table 5.1). Larvae reared in low light intensities (300 and 600 lux) were significantly
smaller than the larvae reared in 1200 and 2400 lux (Fig. 5.la). No significant difference
was found between the treatments for larval standard length until day 21 between the two
lower (300 and 600 lux) and the two higher (1200 and 2400 lux) light intensity treatments
(Table 5.2). Except for 35 dph, no significant difference was found in larval standard
length between the 1200 and 2400 light intensity treatments. Likewise, no significant
difference was found in standard length ofcod larvae reared in 300 and 600 lux treatments
except for 7 dph. From day 21 to the end ofthe experiment, larvae reared in 1200 and
2400 lux light intensities were significantly larger than the larvae reared in lower light
intensities (Table 5.2). Light intensity and age also had significant effects on the dry
weight oflarval cod (Fig. 5.2a and Table 5.1, 5.3).
A comparison of the SGR values for larval cod reared in four light intensity
treatments at two intervals, 0~28 and 29-42 dph, revealed significant differences in SGR
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values among the treatments at 0-28 dph interval (fig. 5.3a and Tables 5.1, 5.4). Larvae
reared at 2400 lux had significantly higher SGR values than Larvae from 600 and 300 lux.
I....arvae reared at 1200 lux had significantly higher SGR values than larvae reared at 300
lux, but at the 29-42 dph interval, there was no significant difference was found in SGR
values between any treatments.
Light intensity and age had a significant effect on the COoditiOD ofthe cod larvae
(Table 5.1). Initially, condition of the cod larvae decreased but from 7 dph condition
increased regardless of treatments (Fig. 5.4a). From 28 dph onwards larvae reared in 2400
lux had significantly higher condition index than larvae reared in other light treatments
(Table 5.5). No significant difference was found between the condition of the larvae reared
at 300 and 600 lux throughout the experiment.
Instantaneous mortality rates (Z) were significantly influenced by light intensity
and age (Table 5.1). Z was significantly higher in lower light intensities (300 and 600 lux)
at 14 dph compared to the two higher light intensities (Table 5.6 and Fig. 5.5a). Beyond
28 dph, except for the 300 lux treatment on 35 dph, no significant difference was found in
Z among the treatments. Light intensity had a significant effect on the survival oflarval
cod (Table 5.l). A significantly higher percentage of larvae survived 812400 lux than al
300·1200 lux throughout the experiment. Survival of larvae among lower light intensities
(300 & 600 lux) were not significantly different throughout the experiment (Fig. 5.6a &
Table 5.7).
Light intensity had 8 significant influence on swimming duration., orientation
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frequency and capture success oflarva! cod (Table 5.8). In general, larvae reared in 1200
and 2400 lux spent more time in swimming than larvae reared in the two lower (300 &
600 lux) light intensities (Fig. 5.7). In most comparisons of swimming duration among the
treatments, no significant differences were found from 2 dph to 27 dph. Thereafter, except
for 34 dph, larvae reared at the two higher light intensities swam significantly more than
larvae reared at 300 & 600 lux treatments (Table 5.9). Larvae reared at 2400 lux oriented
to more prey than larvae from other treatments (Fig. 5.8a). Initially prey encounter was
not significantly different among treatments, but from 16 dph larvae reared in 2400 lux
had significantly higher prey encounters than larvae reared in 300 and 600 lux (fable
5.10).Increase in light intensity resulted in an increase in prey capture. In general, prey
capture increased with age regardless of light intensity (Fig. 5.8b). Throughout the
experiment, except for 6 dph and 34 dph. for 600 lux, larvae reared in 2400 lux light
intensity showed significantly higher prey capture than larvae from the two lower (300 &
600 lux) light intensities (Table 5.10). Although there was a significant difference in prey
capture between the larvae reared in 2400 and 1200 lux light intensities. it disappeared
after 34 dph.. Except at 37 dph, prey capture was not significantly different among the two
lowest (300 and 600 lux) light intensities throughout the experiment.
Light intensity (F=12.81, df.z3, p<O.OOl) had a significant effect on the gut fullness
index of larva! cod. Larvae reared in 2400 lux had a significantly higher gut fullness index
than larvae reared in 300 lux at 14,21 and 28 dph (Table 5.11 and Fig. 5.9a). There was
no significant difference found in gut fullness index oflarval cod among the treatments
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beyond 28 dph.
Photoperiod experiment
Photoperiod had a significant effect on the standard length, dry weight. SGR,
condition index. instantaneous mortality rate and survival ofiarval Atlantic cod (Table
5.12). Throughout the experiment,. larvae reared in continuous light were larger and
heavier than the larvae reared in the other two photoperiods (Fig. S.lb & S.2b). From 7
dph, there was a significant difference on the standard length and dry weight ofcod larvae
reared in continuous light and in 18 and 12 hour photoperiod. Larvae reared in 18L:6D
photoperiod were significantly larger than larvae reared in 12L: 12D photoperiod from 7
dph (Tables 5.12 & 5.3).
Comparison of the SGR values for larval cod reared in the three treatments
revealed a significant difference in SGR values during the time interval of0 to 28 dph
(Table 5.4). Larvae reared at 12 hour photoperiod had the lowest SGR values and SGR
values increased with increasing photoperiod (Fig. 3b). But when the SGR values were
calculated for 29 to 42 dph,. no significant difference was fo,md in SGR values among the
3 treatments (Table 5.4). Larvae reared. in continuous light were in better condition than
the larvae reared in the other treatments (Fig. SAb). Initially. there was no significant
difference in the condition index between the larvae reared in continuous and 18 hour
photoperiods but beyond 21 dph larvae reared under continuous light had significantly
better condition (Table 5.5).
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Instantaneous mortality rate (Z) showed a decreasing trend from 14 to 42 dph
regardless of photoperiod except for 18 hour photoperiod. In general, larvae reared
underl2 hour photoperiod had the highest mortality rate followed by the 18 and 24 hour
photoperiod treatments (Fig. 5.5b). When comparing the mortality rates, larvae reared in
24 hour phOtoperiod had significantly lower monaJjty rates than larvae reared in the 12
and 18 hour photoperiod until 28 dph. Beyond 28 dph there was no significant difference
in the mortality rates oflarval cod among the treatments (Table 5.6). The 24 hour
photoperiod larvae had significantly higher survival than the 12 and 18 hour photoperiod
treatments throughout the experiment while the 18 hour photoperiod larvae had
significantly higher survival than the 12 hour photoperiod larvae (Table 5.7 and Fig. 5.6b).
Comparison of the gut fullness index oflarval cod reared in the 3 photoperiod treatments
revealed no significant difference found except for 14 dph (Table 5.11 & Fig. 5.9b).
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Table 5.1 Results ofa two-way ANOVA (age and light intensity) on standard length, dry
weight, SGR., condition, mortality rate (Z) and survival oflarvaJ cod at different light
intensities. Significance at 0.05 level.
Variable <If F-value Pr. >F
Standard length Model 23 192.02 0.0001
Erro, 216
Ago 5 825.46 0.0001
Light 3 64.82 0.0001
Age" Light 15 6.31 0,0001
Dry weight Model 23 190.93 0.0001
Error 216
Ago 5 832.50 0.0001
Light 3 57.07 0.0001
Age)( Light 15 3.85 0.0001
SGR Model 7 10.07 0.0019
Error 8
Ago I 53.72 0.0001
Light 3 5.30 0.0264
Age" Light 3 0.75 0.5511
Condition Model 23 102.34 0.0001
Erro, 216
Ago 5 413.36 0.0001
Light 3 56.77 0.0001
Age" Light 15 7.79 0.0001
Mortality rate Model 19 32.45 0.0001
Erro, 20
Ago 4 100.35 0.0001
Light 3 49.61 0.0001
Age" Light 12 5.52 0.0004
Survival Model 19 36.08 0.0001
EtTor 20
Ago 4 12.85 0.0001
Light 3 210.86 0.0001
Age" Light 12 0.12 0.9997
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Fig. 5.1. Mean (± se) standard length of cod larvae from hatch to 42 dph
reared in different a) light intensities and, b) photoperiods. N=lO
larvae per sample per treatment.
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Table 5.2 Results of the Tukey analysis comparison examining the mean standard
length (nun) of cod larvae reared under different a) light intensities or b) photoperiods
from 7 to 42 dph. Values are the differences in mean standard length between two
treatment comparisons.•• indicates significance at 0.05 level.
Treatment Age (dph)
comparisons 14 21 28 35 42
a) Light intensity
2400-1200 -O.IS O.OS O.OS 0.44 1.01· 0.51
2400-600 -0.22 0.25 0.55· O.SS· 2.13· 2.04·
~4()()"300 0.09 0.34 0.S2· 1.09· 2.49· 2.62·
1200-600 -0.05 0.17 0.46 0.41· Ll2· l.S3·
1200.-300 0.27 0.26 0.74· 0.66· 1.4S· 2.11·
600-300 0.32· 0.09 0.27 0.25 0.36 O.SS
b) Photoperiod
24L·ISL 0.21 0.29· 0.69· 0.75· 0.S2· 1.74·
24L-12L 0.34· 0.69· 1.36· 1.69· Ln· 3.26·
ISL-12L 0.12 0.39· 0.67· 0.94· 0.S9· 1.52·
106
3.0 -,
-.- 300 lux
2.7
___ 600 lux
2.4
-e- 1200lux
2.1
--e- 2400 lux
1.8
1.5
1.2
0.9
0.6
r 0.3
.. 0.0~ 2.4 ')
~ 2.1 ~ 12L:12D
1.8 -+- 18L:6D
~ 24L:OD
1.5
1.2
0.9
0.6
0.3
0.0
0 7 14 21 28 35 42
AGE POST-HATCH (DAY)
Fig. 5.2. Mean (± se) dry weight of cod larvae from hatch to
42 dph reared in different a) light intensities and,
b) photoperiods. N=I0 larvae per sample per treatment.
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Table 5.3 Results of the Tukey analysis comparison examining the mean dry weight (mg)
of cod larvae reared under different a) light intensities or b) photoperiods from 7 to 42
dph.. Values are the differences in mean dry weight between two treatment comparisons.
•• indicates significance at 0.05 level.
Treatment Ag,(dph)
comparisons 14 21 28 JS 42
a) Light intensity
2400-1200 -0.002 O.OOS 0.Q35 0.117 0.425· 0.515
2400-600 -o.OOS 0.031 0.091· 0.171· 0.731· 1.225·
2400·300 O.OOS 0.062· 0.104* 0.246· 0.S2S· 1.390·
1200-600 -0.006 0.023 0.055 0.054 0.306· 0.710·
1200-300 0.011 0.054* 0.069· 0.129· 0.403* 0.S7S·
600-300 0.016 0.031 0.013 0.075 0.097 0.165
b) Photoperiod
24L·ISL 0.0094 0.0344· 0.0784· 0.1405· 0.2374· 0.S410·
24L-12L 0.0242· 0.0823· 0.1585· 0.2S39* 0.4883· 1.3531·
18L~12L 0.0148 0.0480· O.OSOI· 0.1433· 0.2509· 0.5122·
108
11
10
5
4
b) [::::J 12L:12D
[[[[] 18L:18D
tIIIIl 24L:OD
0-28 29-42
AGE POST~TCH (DAY)
Fig. 5.3. Mean (± se) weight-specific growth rate (SGR) of
cod larvae for 0-28 and 29-42 dph reared in different
a) light intensities and, b) photoperiods. N=tO larvae
per sample per treatment.
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Table 5.4 Results of the Tukey analysis comparison examining the mean SGR (% per day)
of cod larvae reared under different a) light intensities orb) photoperiods from 0 to 28 dph
and 29 to 42 dph. Values are the differences in mean SGR between two treatment
comparisons. * - indicates significance at 0.05 level
Treatment Age (dph)
comparisons 0-2' 29-42
a) Light intensity
2400-1200 0.74 -0.025
2400-600 1.201* 1.979
2400-300 1.887- 1.551
1200-600 0.461 2.004
1200-300 1.147* 1.576
600-300 0.686 -0.428
b) Photoperiod
24L-18L 1.238* 0.685
24L-12L 3.183* 1.048
18L·12L 1.945· 0.363
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Fig. 5.4. Mean (± se) condition index of cod larvae reared
in different a) light intensities and. b) photoperiods.
N=lO larvae per sample per treatment.
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Table 5.5 Results of the Tukey analysis comparison examining the mean condition index
(ratio of myotome height and standard length) of cod larvae reared under different a) light
intensities or b) photoperiods from 7 to 42 dph. Values are differences in mean condition
index: betWeen two treatment comparisons. - - indicates significance at 0.05 level.
Treatment Age (dph)
comparisons I' 21 2' 35 '2
a) Light intensity
2400-1200 -0.0000 0.0014 0.0012 0.0054- 0.0080· 0.0062
2400-600 0.0001 0.0027 0.0047 0.0077* 0.0184· 0.0265-
2400-300 0.0013 0.0075- 0.0030 0.0105- 0.0225* 0.0]09·
1200-600 0.0001 0.0013 0.0035 0.002] 0.0104· 0.0203*
1200-]00 0.0014 0.0061* 0.0017 0.0051- 0.0145- 0.0247*
600-300 0.0013 0.0048 -0.0018 0.0028 0.0041 0.0044
b) Photoperiod
24L-18L 0.0014 0.0050 0.0032 0.0061* 0.006]- 0.0185-
24L-12L 0.0050- 0.0130- 0.0129- 0.0156- 0.0182* 0.0]27·
18L-12L 0.0036· 0.0081* 0.0097- 0.0095* 0.0119- 0.0142·
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Fig. 5.5. Mean (± se) lnstanteneous mortality rate ofead larvae
from 14 to 42 dph reared in different a) light intensities
and, b) photoperiods.
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Table 5.6 Results of the Tukey analysis comparison examining the mean instantaneous
monality rate (Z) ofcod larvae reared in diffttent a) light intensities (l(" b) photoperiods
from 14 to 42 dph. Values are the differences in mean Z betweeo two treaJment
comparisons. - - indicates significance at 0.05 level.
Treatmcut Age (dph)
comparisons 14 21 2. 35 42
a) Light intensity
2400-1200 ·0.0223 ..Q.0097 -0.0084 0.00175 0.00195
2400-600 -O.OS88- -0.0258 -0.0209- -0.0138 -0.00105
2400-300 -0.0923- -0.0447- -0.0288- -0.0393- -0.00685
1200-600 -0.0365 -0.0161 -0.0125 .Q.01555 -0.003
1200-300 -0.07- -0.035- ·0.0204- -0.04105- -0.0088
600-300 ·0.0335 -0.0189 -0.0079 -0.0255· -0.0058
b) Photoperiod
24L-18L -0.0741- -0.0362- -0.0038 -0.0053 -0.0219
24L-12L -0.1140- -0.0998- -0.0222- 0.0077 0.0051
18L-12L -0.0399- -0.0636- -0.0184- 0.0130 0.0271
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Fig. 5.6. Mean (± se) survival of cad larvae reared in different
a) light intensities and, b) photoperiods.
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Table 5.7. Results of the Tukey analysis comparison examining the mean survival (0/0) of
cod larvae reared under different a) light intensities or-b) photoperiods from 14 to 42 dph.
Values are the differences in mean survival between two treatment comparisons.
* - indicates significance at 0.05 level.
Treatment Age (dph)
comparisons 14 21 2' JS 42
a) Light intensity
2400-1200 14.67* 16.25* 17.83* 15.46* 14.21
2400-600 30.12* 3\.92- 33.67* 31.17* 29.34*
2400-300 39.34* 40.83- 41.83* 38.67* 36.63*
1200-600 15.46 15.67 15.83* 15.71* 15.13
1200-300 24.67* 24.58* 24.0* 23.2'- 22.42*
600-300 9.22 8.91 8.17 75 7.3
b) Photoperiod
24L-18L 25.71* 25.46* 23.71* 21.38* 2121*
24L-12L 31.8* 31.58* 29.59* 26.21* 24.79*
18L-12L 6.09* 6.12* 5.88* 4.84- 3.58
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Table 5.8 Results ofa two-way ANOVA (age and light intensity) on swimming and
foraging MAPs of larval cod at different prey concentrations. Significance at 0.05 level.
Variable <If F-value Pr.> F
Swim Model 47 8.55 0.0001
Erroe 432
Age II 17.82 0.0001
Light 3 33.85 0.0001
Age" Light 33 3.16 0.0001
Orient Mcxlel 43 9.30 0.0001
EITO' 396
Age 10 15.76 0.0001
Light 3 49.24 0.000\
Age" Light 30 3.15 0.0001
Capture success Model 43 lOA5 0.0001
Error 396
Age 10 29.05 0.0001
Light 3 8.49 0.0001
Age" Light 30 3.12 0.0001
117
11
____ 300 lux
T10 ____ 600 lux
--e- 1200 lux
9
--e- 2400 lux
8 T!
i'5 7
~ 62:
";, 5
'"
'"~ 4
3
2
2 6 9 13 16 2023 2730 3437 41
AGE POST-HATCH (DAY)
Fig. 5.7. Mean (±se) swimming duration of cod larvae from 2 to 41 dph
reared in different light intensities. N=10 larvae per sample per
treatment.
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Table 5.9 Results of the Tukey analysis comparison examining the mean swimming duration (soc) ofcod larvae reared under
different light intensities from 2 to 41 dph. Values are the differences in mean swimming duration between two treatment
comparisons. " • indicates significance al 0.05 level.
Treatment A8·(dph)
comparisons 2 6 9 13 16 20 23 27 30 J4 37 .1
2400-1200 -0.91 0.57 -0.65 0.21 0.50 .{).52 -0.41 -1.09 0.19 0.45 1.21 ·1.81"
2400·60(} ·1.46 1.76 0.35 0.30 0.18 ·1.24 ·1.47 0.69 3,24" 0.20 3.44" 3.27"
'"
2400·300 0.58 \.90 2.17 1.89· 0.82 1.51 -0.19 \.25 3,38" 1.19 5,35" \.97"
1200-600 -0.55 1.19 \.0 0.09 -0.32 -0.72 -1.06 1.78 3.05" -0.25 2.23" S.OS"
1200-300 1.49 1.33 2.82· 1.6S 0.32 2.03 0.22 2,34" 3.19· 0.74 4.14· 3.78"
600-300 2.04· 0.1' 1.82 1.59 0.64 2.75" \.28 0.56 0,14 0.99 \.91· -1.30"
0'10
f B1
>
ffi 6
~ 4
!;
~ 2
o f-+---I-+--H-++--I-H-+-+---1
4.0
:0 3.5
E 3.0g
;: 2.5
ffig 2.0
ff 1.5
w
~ 1.0
§ 0.5
0.0
2 6 9 131620232730343741
AGE POST-HATCH{DAY)
Fig. 5.8. Mean (± se) a) orient frequency and b) capture
frequency of cod larvae reared in different light
intensities. N""'IO larvae per sample per treatment.
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Fig. 5.9. Mean (± se) gut fullness index of cod larvae reared in
different a) light intensities and, b) pbotoperiods. N=10
larvae per sample per treatment.
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Table 5.11 Results of the Tukey analysis comparison examining the mean gut fullness
index of cod larvae reared under different a) light intensities or b) photoperiods from 7 to
42 dph. Values are the differences in mean gut fullness index between two treatment
comparisoos. * • indicates significance at 0.05 levd.
Treatment Age (dpb)
comparisons I' 21 2. 3S .2
a) Light intensity
2400-L200 -{l.10 0.00 0.23 O.OS 0.00 000
2'~ -{l.18 0.38 0.43* 0.15 0.13 0.10
2400-300 0.17 0.43* 0.40* 0.40* 0.18 0.10
120D-600 -{l.0? 0.38 0.20 O.LO 0.13 0.10
1200-300 0.28 0.43* 0.17 0.35* 0.18 0.10
600-300 0.35 0.05 -(l.03 0.25 0.05 0.00
b) Photoperiod
24L-18L 0.05 0.35* 0.20 0.25 0.08 0.00
24L-12L 0.25 0.63* 0.33 0.25 0.13 0.00
18L-I2L 0.20 0.28 0.13 0.00 0.05 0.00
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Table 5.12 Results ofa two-way ANOYA (age and photoperiod) on standard length. dry
weight, SGR, condition, mortality rate (Z) and survival of larval cod at different light
intensities. Significance at 0.05 level.
Variable df F·va1ue Pro >F
Standard length Model 17 147.40 0.0001
EnQ, 162
Age 5 429.91 0.0001
Photoperiod 2 128.61 0.0001
Age l< Photoperiod 10 9.91 0.0001
Dry weight Model 17 155.64 0.0001
Error 162
Age 5 475.29 0.0001
Photoperiod 2 124.45 0.0001
Age l< Photoperiod 10 2.05 0.0315
SGR Model 5 112.30 0.0001
Error 6
Age I 468.08 0.0001
Photoperiod 2 30.91 0.0007
Age l< Photoperiod 2 15.81 0.0041
Condition Model 17 91.36 0.0001
Ern>< 162
Age 5 251.78 0.0001
Photoperiod 2 113.96 0.0001
Age l< Photoperiod 10 6.64 o.oex))
Mortality rate Model 14 13.17 0.0001
Em>< 15
Age 4 34.50 0.0001
Photoperiod 2 5.29 0.0183
Age l< Photoperiod 8 4.47 0.0061
Survival Model 14 337.03 0.0001
EITO' 15
Age 4 65.47 0.0001
Photoperiod 2 2208.35 0.0001
Age l< Photoperiod 8 4.97 0.0037
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Discussion
Light intensity experiment
Previous attempts in our laboratory to raise larval cod beyond metamorphosis met
with varying success (Chapter 2). Overall results suggested that survival increased when a
higher light intensity was used. The mean percentage increase in survival (84QllIo) and
growth (126%) in this study at 42 dph at high (2400 lux) light intensities compared to low
(300 lux)light intensities indicates that light intensity is a major factor affecting the
survival and growth oflarval cod.
Larval cod reared in high light intensities had better growth and survival compared
to larvae reared in lower light intensities. Several studies have shown that light intensity
affects the growth and survival of marine larval fish (Barahona-Fernandes 1979, Kiyono
and Hirano 1981, BoUa and Holmefjord 1988,Chesney 1989). Kiyono and Hirano (1981)
found that growth and survival of larval black porgy (My/io macrocephalus) was
increased with increasing light intensity. When reared in different light intensities., sea bass
larvae (Dicentrarchus labrax) showed better growth and poor survival at higher light
intensity but had better growth and survival at continuous lower intensity light (Barahona-
Fernandes 1979). Cod larvae in my experiment performed well in higher light intensity and
continuous light. Results from other studies together with mine suggest that tne effects of
light intensity on larval growth and survival are species specific. In some species, increased
light intensity enhances the growth and/or survival. while in others it has negative effects
on growth and/or survival.
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SGR values for larval cod were influenced by light intensity during 0-28 <!ph
period. Significantly higher SGR values for larvae reared in 2400 lwe compared to the two
low light treatments and no significantly different SGR values for 29 to 42 dph among the
treatments indicate the importance ofhigblight during the early larval stage ofcod.
Several studies indicated that most marine fish larvae at hatch have only a pure cone retina
and rods are added to the retina as they grow (Blaxter 1975, Brancheck 1984) and the
timing of the appearance of rods in retina depends on the species (Blaxter 1986). Given
the fact that rods facilitate vision under dark conditions (Blaxter and Staines 1970), I
speculate that larval cod may have developed rods in their retina by 28 dph thus enabling
larvae at low light to feed and grow at similar rates to larvae reared in higher light
intensities. Although there was a significant difference in capture success between larvae
reared in lower and higher light intensities, gut fullness index was not significantly
different among treatments beyond 28 dph. This suggests that although larval cod in low
light intensity capture the prey less efficiently, they were able to slowly fill up their gut.
Hay (1981) and McGurk (1985) criticized the use of morphological indicators of
condition for larval 6sh especially for preserved specimens. Preservation of larvae usually
results in shrinkage andlor damage that complieates the usage of morphological condition
indices. However, in my study, all measurements were made on live anaesthetized larvae.
Using the reJationship between length and weight was also not possible because of the
allometric relationship between these two parameters during the larval stage (Cone 1989).
Koslowet al. (1985) used several morphological indices of wild caught cod larvae and
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found that the relationship between body neight at the anus (myotome height) to length
was the most sensitive to envirorunental conditions including prey concentration and
temperature. Using this relationship, my results showed that the condition oflarval cod
was significantly higher for larvae reared at higher light intensities. The lower condition of
larvae reared at low light intensities indicates the larvae experience a poor feeding
situation.
The accessibility of zooplankton prey to visually feeding fish. larvae is a function of
the reaction distance to particular prey. Visual acuity and reactive distance increase with
increasing light intensity (Blaxter and Staines 1970, Confer et al. 1978). The increased
visual acuity and reactive distance would increase the prey encounter rate and thus
enhance foraging efficiency (Millis et al 1984). Thus, reduced light intensities probably
influence the relative ability to detect the prey, the reactive distance, encounter rate, and
searching ability. In my experiment, larvae reared in higher light intensities had higher prey
capture than larvae reared in lower light intensities. This increased foraging in higher light
intensities would enable the larvae to grow faster than the larvae reared in lower light
intensities.
Light intensity may have positive effects on growth and survival through a variety
of mechanisms. Higher light intensity increases larval activity and swimming speed (Batty
1987), which could result in the search ofgreater volumes of water column Increased
searching of the larvae would increase contact rate with. prey. Larvae reared in higher light
intensities (1200 & 2400 lux) had higher swimming duration and thus increased encounter
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rates than larvae reared in lower light intensities. Food selection is also influenced by light
intensity (Fossum 1983) by enhancing detectability ofless conspicuous prey. My results
showed that capture success oflarval cod increased with increasing light intensity. Most
marine fish larvae are generally considered to be visual feeders (Blaxter 1986). Various
studies have shown that feeding incidence increases with increasing light intensity and vice
versa (Blaxter 1986. Hunter 1981, Kiyono & Hirano 1981). Larval cod have been shown
to be visual feeders and cease to feed in the dark (El1ertsen et al. t 980). Thus. reducing
light intensity below an optimal level would reduce foraging rate and growth as was
observed in my experiment.
Larvae reared in higher light intensities have another advantage over larvae reared
in lower light intensities. Larvae reared in higher light intensities were larger than larvae
reared in lower light intensity at a given age. Several studies have shown that visual acuity
and reactive distance increase with increasing body size of the fish larvae (Blaxter and
Staines 1971. Neave 1984). Thus being larger in body length at a given age, larvae reared
in higher light intensities would have bener visual acuity and increased reactive distances.
Having a larger body length at a given age. in addition to higher light intensities (which
would also increase the visual acuity and reactive distance) would be more advantageous
for larvae reared in high light than larvae reared in low light.
Morphological constraints lessen as larval fish grow. Gill and Hart (1996) showed
that in three-spined stickleback (GasteroSleus aculeatus) a small increase in the body
length would significantly increase foraging efficiency which they attributed to the
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morphological advantages such as increased gape, larger gut capacity and increased
manoeuverability. In my earlier experiment (Chapter 4) with larval cod I found that larvae
reared in higher prey concentrations which had a larger body length than larvae reared in
lower prey concentrations (at a given age) had better feeding efficiencies. Thus larger
body size at a given age oflarvae reared in higher light intensities enable them to feed
more efficiently, grow faster and survive better than larvae reared at lower light
intensities.
My result on the effect oflight intensity on the foraging oflarval cod contrasts
sharply with other studies. EUertsen et aI. (1980) found that larval cod fed on Artemia
nauplii had the highest feeding incidence at 1.4 lux: while when fed with dinoflagellate
(Peridinium troehoidum) the highest feeding incidence was observed in 1000 lux.
Similarly, Huse (1994) found higher feeding incidence for larval cod at I lux: when using
copepod nauplii and rotifers. All these studies were short tenn experiments and thus did
not reveal the long teon effect or light intensity on growth and foragit:lg. Moreover, my
earlier study (Chapter 2) with larval cod from two populations (Scotian Shelf and
Northeast Grand Bank origin) showed that light intensity affects the foraging, growth and
survival of the larvae from these two populations differently. Larvae from the Northeast
Grand Bank perfonned better in high light levels while Scotian Shelflarvae in low light
levels. So the difference between my findings and other studies involving Norwegian cod
may be due to population differences. Anderson and de Young (1995) reported that cod
larvae in the offshore and inshore areas of northeastern Newfoundland occupy the top 40
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m (5·35 m) of the water column during summer months. Field data from Conception Bay
(inshore ofNortheastem Grand Bank) showed that light intensity during the month of
July, at 5-40 m depth,. ranges between 200-400 andlO·30 ~E m-2 (see Chapter 2).Thus in
nature, cod larvae from the Northeast Grand Bank experience similar or even higher light
intensities to those of my high light treatments, i.e. 1200·2400 lux.
Mortality rates ofcod larvae in my study were lower in higher light intensities
(1200 & 2400 lux) while mortalities of larvae reared in lower light intensities were higher
from 14 dph to 35 dph. These differences in mortality rate among the treatments
decreased as the larvae grew. This was not surprising since larvae reared in lower light
intensities had lower success rate, and could not meet the energetic requirements to get
them through the critical period stage. Thus rapid growth and lower mortality rates during
the early larval stages at higher light intensities and the lower mortality rates and higher
growth during late larval stages at lower light intensities indicated that 1200-2400 lux light
intensity was suitable for larval growth and survival oflarval cod from ldph to 28·35 dph.
Beyond this a lower light intensity would be sufficient to maintain reasonable growth and
survival.
Photoperiod Experiment
Results from my experiment demonstrate that phOIOperiod influenced all the
morphological parameters measured, the condition, SGR., mortality and survival of
Atlantic larval cod. The effect of photoperiod on SGR values and instantaneous mortality
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rates also varied with the age/size of the fish. Significantly lower monality rates and higher
SGR values were found under continuous light during the 0-28 dph period suggesting that
larvae achieve better growth and survival during the early larval stage when reared under
the longer photoperiods. The lack of significant difference in monality rates and SGR
values beyond 28 dph indicate continuous light may not be necessary during later larval
stages. Similar views were expressed by other authors (Blaxter 1968, Tandler and Helps
1985).
Cod larval growth in length and weight increased with increasing photoperiod.
Several other studies have also shown that extended photoperiods produced larger larvae
at a given age (Kiyono and Hirano 1981, Tandler and Helps 1985, Duray and Kohno
1988, Han et al. 1996). It seems that the relationship between photoperiod and growth is
correlated to the probability of encounter between the larva and its prey. Hence, the longer
the photoperiod the greater the chances of encounter, resulting in higher rates offood
ingestion and growth. My results ofgut fullness index could not confinn this. This may
have been due to the fact that the larval samples in my study were taken hours after the
early morning feeding thus all larvae would have been feeding for a period of time and
would not show any difference in gut fullness index. Similarly, Kendall et al (1994)
suggested that poUock larvae (Theragra chalcogramma) changed venical position to
extend the length oftheir daily feeding period. However, Barahona-Fernandes (1979)
found that for larval sea bass, continuous light did not suppon the best growth. The higher
growth was obtained at 18 hr photoperiod which resembles the natural photoperiod when
131
larval sea bass begin exogenous feeding. Field studies involving larval cod indicated that
cod larvae feed throughout the day given the opportunity (pedersen et aI. 1989. Suther-s
and Sundby 1996). Pedersen et al (1989) reponed that the higher growth rate (19.5 %
weight d-I) of Areta-Norwegian larval cod in early June in comparison of other months
was due to the extended photoperiod which allowed the larvae to feed throughout the day.
In another study, Suthen and Sundby (1996) reported that cod larvae of Areta-
Norwegian origin had a superior growth rate and were larger at a given age than cod
larvae ofScotian Shelf origin. While genetic factors may contribute to these results. the
authors pointed out that Arcto-Norwegian larvae have 48% more time during May~June
for visual feeding than Scotian Shelflarvae. This difference was felt to playa major role in
the observed differences ofgrowth rate. Results ofthesc field studies on larval cod
suppon my results that larval cod reared at extended photoperiod would grow faster.
General obse1Vations of the cod larvae from the three treatments showed that the
larvae from the continuous light treatment were robust and wen.pigmented. Larvae reared
in continuous tight also showed a better condition index than larvae from shortened
pholOperiods throughout the experiment. These results suggCSt that larvae reared in
continuous tight did not show any stress symptoms as reponed by studies on some other
species (Buttle et aI. 1995). My study bas also demonstnted that the best survival of larval
cod from hatching through metamorphosis can be obtained by using continuous tight
during the early larval period. Results of my study also confinn earlier claims from
preliminary experiments that continuous light would enhance the survival oflarval cod
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(Chapter 2). Similar results bave been reported for some other marine fish larvae. Duray
and Kohno (1988) reported that continuous light enhanced the survival of larval rabbitfish
Hart et a1. (1996) found no effect of pholOperiod on the survival ofgreenback flounder
(Rhombosolea tapirina). In contrast, Kiyono and Hirano (1981) reported that black porgy
larvae showed a higher survival at 13 hr photoperiod than extended photoperiods. Similar
observations were made for sea bass larvae by Barahona-Fernandes (1979) and for sea
bream (Archosargus rhomboidalis) by Dowd and Houde (1980). Considering these
results, it seems Ihat the effect of photoperiod on larval growth and survival is species
specific.
In conclusion, my results showed thai the foraging, growth, condition and survival
oflarval cod is influenced by light intensity and photoperiod. Although larvae survived
through metamorphosis in all light intensities and photoperiods, growth and especially
survival was greater for larvae reared in high intensity (2400 lux) and continuous light
regime. My results also suggest that larval cod require high intensity and continuous light
during the early larval stages (0- 28 dph), but this could be reduced after this period. The
impact of this is to shorten the 'critical' larval period and to increase their potential for
survival. From an economic perspective, a reduction in the length of the costly larval
rearing period would result in cost savings.
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Cbapter Six : Predatory responses on.rval c::od: runc::tionaJ. developmental and
numeric::aI response.
lJJtroduc::tion
Increased focus on studies of mortality in the early larval stages of fish may help in
understanding the stock-recruitment relationship. Small changes in mortality during this
period can produce great effects on the number of recruits. The acquisition of the
necessary food by fish larvae is of prime importance in survival and successful
development. Without the proper quantity offood. larval growth and survival are affected.
Several studies have shown that a predator's consumption increases with increasing prey
concentrations which results in better growth and survival (Houde 1978, Drost 1987, Gill
and Han 1996, Chapter 4). In nature, the distribution of prey varies with scale (both in
time and space), and prey are utilized differently by different species oflarval fish (Houde
and Schekter 1980). O'ConneU and Raymond (1970) found that Anchovy (Engraulis
mordax) larvae require higher food densities than the average densities found in the sea for
better growth and survival in the laboratory while others argue that laboratory studies
over~estimate the prey requirement oflarval fish for enhanced growth and survival (Houde
1978).
The functional response is the change in prey consumption rate (or attack rate)
that results from a change in prey concentrations and is a basic component of predator-
prey relationship (Solomon 1949, Holling 1965). Holling (1965) approached the predator-
prey interaction as a system of behavioural components that could be partitioned and to
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which predictive mathematical modeling could be applied. Functional response of
predators are characterized mainly by two parameters, the rate ofattack per prey while
searching and the handling time that a predator spends on average with each prey it
attacks. The time spent pursuing, subduing, consuming, and resting to digest prey
provides an upper limit to the number of prey that can be captured during a finite foraging
period. Holling (1965) described three basic forms offunetional response; type I, type [l
and type ID. When the handling time is negligible and rate of attack per prey is constant,
the response is known as type I and produces a density~independent predation rate
(increases linearly to a pleatcu). If the handling time is not negligible, the type ofresponse
depends on the relationship ofboth attack rate and handling time to prey density. A
constant rate of attack per prey and constant handling time result in a type IT functional
response and produce an inversely density-dependent predation rate (increases to
asymptote at a continuously decreasing rate). However, if the rate of attack per prey
increases and/or handling time decreases with prey density, the response is known as type
m and produces density-dependent predation rate (increases sigmoidally to an asymptote).
Studies have shown that predator growth and developmental rat~ are influenced
by prey density (Gallis 1990, Gill and Han 1996, Chapter 4). The effects of changes in
these rates on the prey consumption rate of an individual have been referred to as the
developmental response (Murdoch 1971). In my earlier experiments (Chapter 3 and 4), at
prey concentrations that ensured survival of at least a few larvae through metamorphosis
larvae showed variable growth rates. This indicated that larvae from different prey
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concentrations varied in size at a given age. Thus it would be appropriate to see how the
developmental responses change with larval size. Studies have shown that prey capture
abilities of larval fish change as the larvae grow (Houde and Schekter 1980, Miller et aI.
1992, Chapter 3 and 4). Differences in developmental rates would have an impact on the
other aspects of population processes such as survivorship, fecundity and time to maturity
which are usually considered part of the numerical response (Solomon 1949). Srudies have
also shown that different prey densities may cause differential survival of the predator
(Solomon 1949, Chapter 3 and 4). The response of larval fish, in terms of survival, to
different prey concentrations is termed the numerical response (non-reproductive) which
describes the change in the predator density as a function of prey concentrations with time
(Nunny 1985, Solomon 1949).
The objectives ofthis experiment were to examine the predation responses
(functional, developmental and numerical) of larval cod fed at different concentrations of
rotifers or Arlemia nauplii from week 1 to 6 post-hatch. In this paper, I report the prey
consumption rates oflarval cod in terms of both prey concentration and age/size. I will
also calculate the attack rate and handling time (components of Holling's equation) of cod
larvae from direct behavioural observation and compare it with the estimated values from
Holling's equation. My earlier experiments (Chapter 3 and 4) indicated that early larval
stages of cod were more vulnerable to starvation mortality and grew at slower rates when
reared in lower prey concentrations and that larvae reared in less than 1000 prey per litre
did not survive beyond three weeks. Thus, I examine the prey consumption oflarval cod
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at different ages/sizes along with behavioural data and attempt to detennine why larval
cod did not survive beyond three weeks in low prey concentrations in my earlier
experiments.
Materials and Methods
Fertilized Atlantic cod eggs were collected from a naturally spawning captive
broodstock maintained at the Ocean Sciences Centre, Logy Bay, Newfoundland. Eggs
were incubated in a 250 L circular fibre glass tanks at S"C until hatch. Larvae from this
cohort were used in two different experiments, one to study the effects ofprey
concentrations on larval growth and survival (Chapter 4) and the other for the study of
functional and developmental response. This allowed me to use some data
interchangeably.
Once they hatched, larvae were transferred to their respective experimental units
For the functional and developmental response study, larvae were reared in a lOOL
circular fiber glass tank. This tank was maintained in the same water bath as the growth
and survival study thus maintaining the same rearing temperature (7_9°C) in both
experiments. Larvae were stocked at 40 larvae per litre. Prey concentration was
maintained at 4000 prey per litre and adjusted 3 times a day. All the rearing conditions
(see material and methods in Chapter 4) were similar in both experiments or as otherwise
mentioned.
For the functional and developmental response experiment, each week starting
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from week 1 (day 6), larval cod were exposed to a range of seven different prey
concentrations (ZSO, 500, 1000,2000,4000,8000 and 16,000 prey V). Rotifers were
used from week 1 to 3 and from week 4 to 6 Artemia was used as prey. Overnight, ISO
larvae from the tearing tank were transferred to a ISL holding tank although only 70
larvae (10 larvae >< 7 treatments) were required for the trials. These larvae were kept
forl2-18 hours to empty their guts. lbis helped to standardize the condition of the larvae
used in each trial. The excess number of larvae ensured that only healthy larvae were used
in the trial. Variation in size of the larvae used in the trials from each week were within 0.5
rom from weekl-3 and within 1.25 rom from week 4-6. All the trials were conducted in
five 2-L glass bowls maintained at 7_9°C. All the bowls were filled with LSL offiltered
For each prey concentration, the trial was conducted as five replicates with two
larvae per replicate. Only two larvae per replicate were used to avoid observing the same
larvae twice during the observations. To initiate a trial, two larvae were transferred from
the holding tank: to each ofthe five 2~L glass bowls and allowed to acclimate. The prey
were added to the bow! at the experimental prey concentration and a gentle aeration kept
the prey well distributed in the bowl. After 5 minutes of adding the prey, observations
(Foraging MAP's; see Chapter 3 and 4 for details) on larvae were staned. Each larva was
observed for 1 minute and observations were made on both larvae. During this time (max
2-3 mins. per bowl) aeration was reduced to a compromised rate to facilitate the
observation and also to maintain a homogenous prey distribution. Larvae were allowed to
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feed for 15 minutes (from adding the prey) and were caught by a pipene and killed with
MS222. Trials for other prey concentrations were carried out in the same manner.
Standard length oftbe larvae were measured and the prey in each larval gut were removed
and counted. Prey counts and standard length measurements were completed the same
day. soon after completion ofthe trials.
The data for numerical response were coUected from the growth and survival study
(Chapter 4). Nwnerical re5pOll$e data were presented only for weeks 2 and 6 because
there were only minor differences found in the trend between the5C periods.
DaCa analysis
The functional response was descnDed by fitting the data to the Honing's type n
equation (Holling 1966) defined as.
N_-a. T,N/(I+aT"N) (&:(.6.1)
where N _ is the number of prey eaten. a is the attack rate or instantaneous rate of
di!lCOYCry (S·l). T t is the total time available for foraging (seconds), T. is the handling time
per prey and N is the prey concentration (nwnber V). The parameter estima1cs wcu
obtained using a nonlinear regression. Data from the S replicates were combined [0
produce more accurate estimates of a and T•. Prey saturation values. N ..- were
calculated from T.as
(Eq.6.2)
Attack rates and handling times were also calculated directly from the behavioural
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data. Attack rates included the components of capture efficiencies (success, miss and pass;
Spitze 1985). The handling time includes the time required for all activities associated with
the capture of a prey that inluoit the captw"e of another prey (Hol.l.ing 1966). In this view,
h.andling time calculated from this experiment included the time required for recognition
(orient), pursuit and caprure. The attack rates and handling time derived from the
parameter estimates and behavioural observations were then compared. Numerical
response data (Survival) were fitted using least square mean non·1inear regression
equation.
Results
Prey consumption data when related to prey concentration fit well with HoUmg's
type n functional response from week I to 6 (Fig. 6.1). Prey consumption increased
relatively rapidly as prey concentrations increased from 250 to 4000 prey L' I and then
increased slowly asymptotically toward a plateau at higher prey concentrations. Rl values
were relatively high ranging from 0.75 to 0.9 (Table 6.1). Although the attack rates
estimated from the Holling's equation were lower throughout,. attack rates increased with
age. Handling time estimated from the equation was very high and showed a tendency to
dettease as the larvae grew. On the other band, attack rates calculated from direct
observations were higher than the values derived from the nonlinear regression. Similarly,
values of handling times derived from the regression were much higher than that
calculated from the direct observations.
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The numbers of prey in the gut of first feeding larval cod increased as the prey
concentration increased (Table 6.2). Almost 50"/0 of the larvae in the two lowest prey
concentrations (250 and 500 prey VI) did not capture a single prey during the week 1 and
2 trials. Trials in the three highest prey concentrations (4000 prey I,..-I and above) showed
that only 10% of the larvae failed to capture at least one prey on week I trial.
Except when larvae were -11 nun in length. the number of prey
captured by larval cod increased as the larvae grew regardless of the prey concentrations
(Fig. 6.2). At around 11 mm (standard length), larvae from all treatments showed a
decrease from the previous week in prey consumption rate. Although the prey
consumption increased with larval size a linear relationship could not be found between
prey consumption and larval size at a given prey concentration. N .... values were
calculated from handling time values using equation 6.2 to evaluate how prey saturation
values varied as the larvae grew. N ...... values derived from direct observation and from
Holling's equation showed an increase as the larvae grew. N .... values derived from both
methods varied greatly with values from observations being much higher than from
Holling's equation
The numerical response of larval cod to a range of prey concentration followed a
similar trend to the functional response (Fig. 6.3). At week 2, larval survival increased
asymptotically as the prey concentration increased from 250 to 4000 prey Vi and then at
higher prey concentrations it tended to reach a plateau (R? = 0.82; p<0.013; Fig. 6.3)·
AltllougtJ a similar trend was observed in week 6, the R2 values were much lower
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(Rl::o.5S; p<O.OS). Beyond week 3, higher mortalities were observed in prey
concentrations greater than 4000 prey t- l (Fig, 6.3). This resulted in a lower survival in
the two highest prey concentrations compared to 4000 prey L-l .
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Week 1
Week 4
12rweek6
10
2 I
!U I
PREY CONCENTRATION (l-ll
Fig. 6.1. The functional response of Atlantic cod larvae at different prey
concentrations based on Holling's type II equation. Mean number
of prey items eaten within 15 mins in all trials are shown.
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Table 6.1. Instantancou~ rate of discovery or attack rate (a). handling time (Til)' prey saturation levels (N l1li.) derived from
direct behavioural observations and parameter estimates obtained from nonlinear regression, for Holling's type two functional
response equation. Parameter estimates from the regression are based on the mean gut content data from the trial (n=IO).
Standard errors are in parenthesis.
Behavioural Observation Parameter Estimates
AS' a (5-1) T.(.) N~. a (s·') Tb(s) R' N~.
(w) ( no./605) (no.l900s)
1.7611 1O-2 2.]9 25.1 1.1](10") 290.74 0.9 3.09
(9.2611 10"") (6.02><10.2) (J.6><IO·7) (46.58)
2.58)(10.1 2.05 29.3 ].15><10" 100.2 0.8] 8.98
t (2.06><10"1) (2.75 11 10·2) (1.36 11 10") (22.51)
].39111O·2 I.S4 32.6 1.07 11 1O·' 105.]1 0.88 8.55
(2.65 11 10·1) (2.42)(10"2) (].14 11 1O·') (9.68)
].5611]0·2 1.4 43.0 2.64)(10" 99.96 0.83 9.0
(2.2211 1O·}) (1.89)(10-2) (7.94'1O~ (7.05)
3.06)(10.2 1.14 52.7 1.85)(10-' 149.8 0.8 6.01
(1.66 11 10·) (1.57)(10.2) (6.05 11 10") (11.4)
4.45)(10.2 0.98 61.4 1.43 11 W·) 72.3 0.75 12.45
(2.84)(10-3) (1.42)(10.1) (6.61"0~ (10.95)
Table 6.2. The percentage of cod larvae that had zero to 9 prey in the gut at
seven prey concentrations during the 15 minutes trials.
Number of Prey Concentration (l·1j
Age(w) Prey in gut 250 500 1000 2000 4000 8000 16000
1 a 80 60 10 30 a 10 a
1-2 20 40 90 70 80 60 60
3-4 a a a a 20 30 30
:;..s a a a a a a 10
7-8 a a a a a a a
,9 a a a a a a a
a 30 40 20 a a a a
1-2 70 60 70 80 10 a a
3-4 a a 10 40 a 10 20
5-6 a a a a 40 60 40
7-8 0 a 0 a 20 a 30
'9 Q 0 0 0 30 30 10
a 0 a a 0 a 0 0
1-2 70 60 20 10 0 0 a
3-4 20 20 60 20 a a 10
5-6 10 10 20 30 30 40 30
7-8 0 10 a 30 30 30 50
,9 0 a a 10 40 30 10
a 0 a a a a a a
1-2 20 a a a a a a
3-4 40 40 20 20 10 10 a
5-6 40 40 60 20 10 10 20
7-8 0 20 20 10 30 30 30
,9 a a a 50 50 50 50
0 0 a a a a a a
1-2 40 20 20 20 a 10 10
3-4 50 70 60 30 10 40 30
5-6 0 10 10 10 40 20 30
7-8 10 a 10 30 40 20 20
,9 0 a a 10 10 10 10
a 0 a a a a a a
1-2 0 20 20 a a a a
3-4 30 50 30 20 a a a
5-6 40 20 30 20 a a 10
7-8 20 10 20 30 10 20 10
,9 10 a a 30 90 80 80
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Fig. 6.2. Prey consumption rates (number psr 15 mins.) of Atlantic
cod larvae at various prey concentrations in relation to the
standard length (mm) of the larvae.
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Fig. 6.3. Numerical response of Atlantic cod larvae in relation to prey
concentration at week 2 and week 6.
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Discussion
Ovez- the range of prey concentrations used in this experiment (250 to 16000 prey
LOI), the relationship between predation rate and the prey concentrations for Atlantic cod
larvae resulted in a decelerating curve; a clwaeteristic ofHoiling's type II functional
respoosc_ Other experiments dealing with the functional response in marine fish larvae
(Houde and Schekter 1980. Miller et aI. 1992) showed t1w the predatory response in
terms of prey concentration is best described by Holling's type U equation. The feeding
rates increased asymptotically at a continuously decreasing rate. Wmkler and Orellana
(1992) reponed that the feeding response of five cyprinoid fish was best descnbed by a
sigmoid curve (type ill response). They found that the instantaneous attack rates of these
cyprinid fish was not independent of prey concentration as in a type II functional response
and increased with an accelerating rate. In my study with larval cod. the attack rates
increased with a decelerating rate which is typical for a type n functional response.
The data was only fitted with Holling's Type II response equation. Other type
response equations, especially Type 1, were not fitted to the data because Holling's Type I
response is applicable only to filter feeders where there is no handling time involved.
However, all my behavioural observations on cod (Chapter two to six) suggest that cod
larvae do not filter feed. Although the handling time of larval cod is smaller (fractions ofa
second), still they choose and attack the prey rather a simple filter feeding.
In this experiment, values for attack rate and handling time derived from
behavioural observations and Holling's type II equation did not agree. Similar
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observations were made in other studies dealing with some freshwater arthropod species
(Fox: and Murdoch 1978, Longstaff 1980, Pastorok 1980) . Spiue (1985) pointed out that
discrepancies between the values for Holling's parameter and behaviourally obtained
parameters are often more a matter of semantics and experimental design than biology.
Outside the Holling's equation, the tenns attack rate and handling time have been used to
describe various biological phenomena and the values for short-term feeding rates.
detection time, pursuit time and swallowing time could be easily assessed by a trained
observer. However, Holling's parameter is an instantaneous attack rate; it represents the
theoretical rate of attack. It is not equivalent to any quantification of a finite feeding rate
which includes pre-treatment effects and the effect of handling any prey captured during
an experimental period (Spitze 1985)
On the other hand, handling time is an assessment of the relationship between
present prey capture and the reduction in future foraging ability (Holling 1965). As
originally defined (Holling 1965), Holling's parameter assesses the total handling time.
including the effects of detection. pursuit, ingestion and digestion. Many handling time
assessments from behavioural observation (this study) assess only one sub-component of
the total handling time (Longstaff 1980, Pastorok 1981). In my study, detection of any
'digestive pause' which is the reduction of future strike rates, was impossible to assess and
was not included in the calculation of the handling time. This may be the reason for the
multi-fold increase in the handling time from Holling's equation estimate compared to the
values from behavioural observation. Despite these discrepancies, estimation of these
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parameters from behavioural observation could still be useful for short-term feeding trials
rather than long term feeding ratc predictions or a prey vulnerability analysis because the
gross feeding rates are inseparable from the effect ofprey handling.
Thc saturation prey concentration for larval cod increased as the larvae grew. Prey
saturarionlevels increased by 303% from week 1 to 6. Houde and Schekter(1980) in their
investigation on the functional response of bay anchovy, sea bream and lined sole observed
increases of229, 74 and 17% respectively, in the prey saturation values over a range of 10
to 200 Jig. Miller et al. (1992) also reported similar patterns in prey saturation values for
alewife (;tlosa pseudoharegus), bloater (Corego11Us hoy!) and yeUow perch (Perea
flaven.scens).
The prey species I used in this experiment (rotifer and Artemia) were not the
natural prey of larval cod. Although it would be difficult to relate these results to the wild
conditions, their usage allows the feeding abilities to be investigated without any
differential prey effects. Furthermore Holling's type 0 equation is valid only when a single
prey is available to the predator (Abrams 1990). Thus, use ofa mixture of natural prey
would have complicated the interpretation of the results due to the difficulties in
separating the feeding ability which depends on the differential behaviour ofdifferent prey.
Using rotifers and Artemia as prey from week 1 t03 and from week 4 to 6 respectively,
might have presented an adjusting (switching) problem (Murdoch I%9) for the larvae.
But, my results did not support this. Furthermore, in the rearing tanks, the larvae had been
fed with Anemia from day 20 (end of week 3) until the end of the experiment. Thus the
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larvae used in week four were familiar with Artemia as prey for 7 days and the switch
would not have presented any difficulties.
Results of my study showed that the prey consumption rate oflarval cod increased
as the larvae grew except for week 5 (-11 mm). The reason for the decrease in the prey
consumption rate in week 5 was not clear. All the larvae used in week 5 were about 11-12
rom long and it is suggested that this is the size at which larval cod go through
metamorphosis (Ellertsen et a1. 1981, Chapter 3). In my earlier study (Chapter 3) I
observed that when larval cod passed through metamorphosis, they did not fill their guts
fully. Thorisson (1994) also observed an increased percentage ofempty or half empty guts
of larva! cod during this stage. He also noticed that larval rod at this stage could be
stressed easily. Thus it is possible that overnight starvation may have stressed the cod
larvae during week S. although I could not visually observe any stress symptoms.
Although prey consumption rate did not increase linearly with larval length, about 65-85%
of the variation could be explained by size when values from week 5 are removed from the
data. My results also showed that attack rates increased while handling time decreased as
the larvae grew. Changes in these parameters as the larvae grew indicate that larvae
become more capable of attacking prey. Reduced handling lime also allows the larvae (0
search and consume more prey. Several studies have sbown that the predatory abilities of
marine fish larvae increase with larval development (Drost [987, Miller et a1 1992, Gill
and Hart 1996). These changes in foraging abilities are expressed as an increase in larval
growth rates which subsequently are important determinants oflarval survival (Houde
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1987).
My results showed that the survival of larval cod increased as the prey
concentrations increased asymptotically from 500 to 4000 prey C l . Most studies on
marine larval fish dealing with prey concentration also showed similar trends (Laurence
1974,Houde 1977,1978, Tsai 1991). Highermonality rates in the two highest prey
concentrations were not expected and I speculate that it could be due to the metabolites
released by the Artemia (Katavic 1986) that was used as prey beyond 3 weeks. In my
earlier study (Chapter 4), cod larvae reared in prey concentrations below 500 Prey e l did
not survive beyond 3 weeks. Although I presented behavioural evidence that larvae reared
in those lower prey concentrations did not forage compared to the larvae reared in higher
prey concentrations, I could not present any direct evidence at that time. In this
experiment, the detailed prey consumption data (Table 6.2) showed that the majority of
the larvae fed with 250 and 500 prey L-l had empty stomachs during the first week and
even in the second week 30-40% larvae had empty guts. El.lertsen et a1. (1981) showed
that larval cod deplete their yolk-sac reserves by day 10-12 post·hatch at 6°C. Thus the
cod larvae in my experiment, raised at 8°C, would have depleted the yolk reserve by day
8·9 post-hatch. Given that even those larvae that had prey in the guts by week 2 did not
have more than one prey, most oflhese larvae would been in a weak condition after yolk
depletion. Weak condition would lead to impaired behaviour which would have resulted in
poor foraging thereafter.
In conclusion, larval cod prey consumption, related 10 prey concentration, data
1S3
fined by Holling's type 0 functional response equation. Although larvaI cod improved
their foraging abilities as they grew and developed, larval size alone described the variation
weU. Although estimates ofHolling's parameters from behavioural observations and from
the equation did not agree quantitatively, both showed similar panerns. Results from this
experiment suppan the view that using behaviour in ecological studies should enhance our
ability to understand more the dynamics of larval fish foraging and its relevance to growth
and survival.
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Ch'Rttr Stvtn . General Dj.scyuion
The experiments described in this thesis used behavioural observations on larval
cod foraging to explain their growth and survivaJ under- various environment.al conditions.
The goal ofthese experiments was two-fold. One was to investigate how the larvae cope
with various levels of a panicular environmental variable in an ecological contelrt. The
second goal was directed to increase the growth and survival ofcod larvae through
metamorphosis, thus increasing the production ofcod juveniles. in an aquaculture context.
In each chapter-, the results are discussed in the context ofexisting knowledge concerning
larval ecology and culture. In this discussion, I will emphasize the imponance of
behaviowal observations on larval rearing e:xperimeots and make suggestions for future
oxp<rimenu.
The experiment in chapter two describes the possible existence ofdifferences in
the response to varying light intensity between larval cod populations from two different
geographic regions (Scotian Shelf; S5 and Northeastern Grand Bank; NF). The results of
this ccperiment showed that larval cod adapted well to the conditions prevailing at the
time offirst feeding. I suggest that the difference in response to the light intensity between
the larvae from 5S and NF was mainly due to the different spawning season rather than a
pure: latitudinal effect. I would have predicted that larvae from spring/summer spawning in
55 would have performed better- in high light conditions than in low light conditions.
However, I could not carry out any experiments with larval cod from a spring/summer
spawning population ofS5. The question remains whether environment or genetics or
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both is/are the driving foreels behind this observation. More studies could be possible
involving both spawning populations of cod from SS and spring/summer spawning
populations ofNF at a molecular level.
The most interesting or controversial finding of the experiment in chapter two is
that larval cod from Scotian Shelf(SS) did not survive beyond four weeks post-hatch at
high light intensity. Behavioural observations suggested that larvae from SS reared in high
light did not forage as efficiently as larvae reared in low light. Ifbehaviourally they are not
capable of capturing the prey, then the question which remains to be answered is what
prevents them from doing so. Was high light intensity detrimental to the nonnal
development ofthe larval eye from falVwinter spawning population of 55? I suggested in
the discussion in Chapter two that S5 larvae could have developed rod cells earlier than
the larvae from NF thereby enabling them to feed efficiently under low light conditions. A
future analysis of the histology of the eye of the cod larvae reared in low and high light
could shed some light on these questions. Unfortunately the study could not be continued
to answer these questions mainly due to the loss of the source of egg supply from Halifax
and partly due to the restrictions imposed at that time on transferring live fish materials
between different locations. Thus this area is open for future research.
The objective of the work described in Chapter three was to determine if
behavioural development in cod larvae is influenced by prey concentration from hatching
through metamorphosis. Earlier studies on larval cod foraging behaviour (Munk 1995,
Skiftesvik 1992) failed to provide a complete picture due to the short duration of those
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experiments. My results showed that foraging behaviour oflarva! cod varied with larval
age/size and prey concentration. At high prey concentrations, frequencies of the foraging
MAP's were higher from earty in the developmental stage; thus these larvae had the ability
to feed more than larvae reared in lower prey concentrations. This was shown by the
higher encounter rates and capture success at higher prey concentrations. However, the
development offoraging MAP's was not affected by the prey concentrations in aU prey
concentrations (500-4000 prey L- l ) tested. My results also showed that the time spent per
orientation (one component of handling time) increased from day two in all prey
concentrations but declined as the larvae grew. The timing of this decline was earlier in
larvae reared in 4000 prey L-1. This means larvae reared in higher prey concentration have
an opponunity to spend more time searching for prey than larvae from lower prey
concentrations.
[n the experiment in Chapter three., I observed one foraging MAP which I termed
'pass' behaviour. During a 'pass', a larva orients and fixates on a prey item and moves
toward the prey but does not bite, the larva then swims in another direction. Except for
Leader (1994), this behaviour has never been reponed in larval cod. Initially, larval cod
had a low frequency of pass, however, from day 27 onward this increased. Generally, the
incidence of pass was more frequent in larvae reared at 4000 prey L- l than lluvae from
lower prey concentrations. The significance of this 'pass' behaviour is puzzling, but I
speculate that the larval cod may 'choose' the best prey from the available prey items. In
my experiment, I used two prey types beyond day 15 post-batch. Furthermore, some prey
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from the previous day also stayed in the tank (mainly in high prey COllCeD.trations), thus the
larvae could encounter various prey sizes as weU as typeS. Since I could not confirm which
prey was 'passed', my suggestion is more speculative and needs further research to
oonfum
Objectives of the experiments described in Chapler foorwere to see if4000 prey
L"I was the optimal prey concentration to rear larval cod and to find out the mortality
trend during the first feeding. Results ofthe experiment confumed that the 4000 prey Lo l
was the optimal prey concentration and at this prey level, growth and survival of the larval
cod were at the maximum. At higher prey concentrations, larvae had two advantages
compared to larvae from low prey concentrations. One was that more prey in the vicinity
of the larvae enhanced foraging. and in tum larvae grew faster and by the second week
larvae from the higher prey concentrations were significantly larger than larvae from lower
prey concentrations. Secondly, the larger size at a given age provided an advantage in
searching efficiency over the smaUer larvae from lower prey concentrations. Similarly.
several other studies have shown that foraging capabilities of marine fish larvae
dramatically increase with the larval size (Blaxter 1986, Miller et aI. 1992, Gill and Hart
1996).
AJthough larval growth among the three highest prey concentrations did not show
any difference throughout the study period, survival was higher in 4000 prey L"' compared
to the 8000 and 16000 prey L- l at the end of the experiment. I could not find any
difference in the foraging behaviour among the larvae from these high prey concentrations,
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and thus I could not explain the differences in survival bthaviouralJ.y. However, other
studies indicated that the excess use ofAnemia oauptii in intensive rearing systems may
cause problems as they release more metabolites and enrichments (Anemia nauplii were
enriched with highly unsaturated fatty acids to increase their nutritional conditions) to the
medium (Houde 1975, Gopalakrishnan 1976, Katavic 1986, Van derWaI and Nell 1986,
Leger et al. 1986). rt is speculation but cannot be ruled out.
My results also showed that initially the SGR values for larval cod were higher for
the larvae reared in higher prey levels, but by week three the differences in SGR values
among the larvae from high and low prey conceutr1.tions had diminUbed. Mortality rates
were also higher in lower prey concentrations during the Iirst two weeks post~hatch.
However, from week three post.hatch no differences in mortality rates between low and
high prey concentrations could be found. This raises the question whether a higher prey
concentration should be maintained throughout the larval period or could it be reduced
after an initial high level. Further research is needed to answer these questions arising from
thiscxperiment.
My earlier experiment (Chapter 2) on two popularions oflarval cod showed 1arvaI
cod adapt to the prevailing natural conditions. Most Norwegian literature on larval cod
and light intensity state that larvae forage well under very low light, as low as I lux. When
the experiments described in Chapter five were carried out at light intensities as high as
2400 lux, larval cod (NF origin) grew and survived better at this higher light intensity. The
highest survival (42%) and growth at 2400 lux light intensity indicate the light requirement
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oflarval cod cannot be generalized across the whole geographic range.
Hi~growth and ~va1 oflarval cod ofNF origin at higher light intensities
could also be explained ecologically. Larval cod over the NF region hatch during the
SWIlIIleI" (Fahay 1983) and the light intensity during the su.mmerin the upper oceanic layers
of5-40 m depth, ranges between 200-400 andl0-30 ~E m-2 (see Chapter 2). Anderson
and de Young (I99S) reponed that cod larvae in the offshore and inshore areas of
northeastern Newfoundland occupy the top 40 m (S.35 m). Thus, depending on the larval
depth profile, it is possible that the larval cod ofNF origin experience the light levels that I
have used in my experiment.
The reason for the better growth and survival of larva! cod reared in continuous
light primarily depends on more time available for feeding. Since prey were available
throughout a 24 hr period, it would result in higher feeding incidence and possibly enhance:
a larva's growth and survival. In nature, larval cod ofNF origin generally experience: 18
hour day light during summer (see Chapter 2). Several other studies have shown that
marine larval fish exhibit an upward vertical migration during nighl (Wood 1911, Heath et
aI. 1988, Lough and Potter 1993). My earlier SlUdies (Chapter 2) and experiments
described in lhis chapter showed that although fanging abilities of larval cod is higher in
high light, they stilJ continue to feed in low light, as low as 8.S lux.. Thus, in nature, nights
with moon/star light should provide enough light for the larvae to continue its feeding. My
results also showed that differences in SGR values and mortality rates oflarval cod from
the light and photoperiod experiments decreased after week 3-4 post-hatch. This indicates
160
that photoperiod and light levels could be reduced to desirable levels beyond week 4.
The experiments described in Chapter six showed that larval cod exhibit a Type II
functional response. My results also highlighted the discrepancies in the parameter values
derived from the equation and direct behavioural observations. Behaviourally the terms
attack rate and handling time have been used to describe various biological phenomena.
However, in Holling's equation the parameter estimates represent a theoretical rate of
attack. In a biological sense, predator's attack rate depends upon several components such
as rate of prey encounter, the probability of a prey being attacked when encountered and
the probability that attack wiU result in a capture. Any ofthese components could vary
with prey concentration. The developmental response of the larval cod increased with
larval size. Reduced handling time and improved foraging tactics oflarger larvae enable
them to consume more prey than smaller larvae. Studies on other marine larval fish species
also showed a similar trend (Houde and Schekter 1980, Miller et aI. 1992). Numerical
response of larval cod showed. a decelerating increase in survival with increasing prey
concentration. Survival reached a maxima at 4000 prey L·l .
In summary, my thesis emphasises the use of behavioural observations in larval
studies. The results of the experiments described in this thesis add more depth to the
existing lilerature oflarval cod ecology and culture. In larviculture, more emphasis should
be given to the consideration of prevailing natural conditions, when domesticating wild
fish species. otherwise all the operations would not be operating at maximum capacity.
Information from my thesis suggests that the light requirements of Atlantic larval cod
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cannot be generalized across its geographical range. Thus. we should be more cautious
when generalizing the ecological requirements of larval fish across a geographic region.
Behavioural observations are also useful in explaining the variability in performance data
(growth and survival). ResuJts of the experiments in my thesis suggest that along 'Ao'ith
growth and survival data., behavioural observations could be a useful measure in
understanding the adaptations of the larvae to a panicular environment. Thus, the
behaviourally based approach used in this thesis should contribute substantially to our
understanding of the ecology and aquaculture of Atlantic cod larvae.
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